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VOLUME I 
PROGRAM SUMMARY 
SECTION 1 . 0  INTRODUCTION 
1 .1  Background 
The supplying of power to a space vehicle presents  a vi ta l  and imposing problem 
that is particularly challenging when the vehicle has  a miss ion  of long duration. 
obvious source  of energy in space is the sun; however,  a so la r  power sys tem in a n  
orbiting vehicle m u s t  provide for  a power supply during that p a r t  of the orbit  when the 
vehicle is i n  shadow. 
One 
Conceptually, the s implest  method of storing so lar  energy is that  of thermal  
storage.  The rma l  s torage is based on the ability of a ma te r i a l  to abso rb  radiant solar  
energy directed upon it by a mirror-col lector ,  and then to r e l ease  this  thermal  energy 
to a direct-conversion device to  provide electr ical  power during the d a r k  phase of the 
orbit. 
formation. Latent heat  appears  to  be best  for coupling to a direct-conversion device, 
as  the heat  is  available a t  constant temperature ,  
able  is fusion, since the possibility of high energy re lease  and low volume change is 
associated with this reaction. 
The energy may be stored as sensible heat,  o r  as latent heat  of phase t rans-  
The phase t ransformation mos t  suit- 
Before i t  i s  reasonable to  pursue the design of a thermal-energy-storage (TES) 
sys tem the following basic  requirements  a r e  necessary :  
conversion device,  
that  me l t s  in the temperature  range at  which the conversion devices a r e  required to 
operate ,  and 
(1) an  efficient d i rec t -  
( 2 )  a ma te r i a l  with a high specific heat  of fusion, (3) a ma te r i a l  
(4) a means of reliably containing the thermal-energy-storage mater ia l .  
Both thermoelec t r ic  and thermionic devices a r e  conceived to  have a role in space 
power sys tems.  
and d i rec ts  i n t e re s t  toward TES ma te r i a l s  which me l t  above 2000 K. 
The superior  efficiency of thermionics makes  them m o r e  at t ract ive 
Mater ia l s  being considered include the low-atomic-number elements  beryll ium, 
l i thium, magnesium, calcium, silicon, aluminum, and titanium and their  hydrides,  
carb ides ,  n i t r ides ,  f luorides,  and oxides. 
The intent of this program is to provide c r i t i ca l  property data on severa l  potential 
the rmal-ene rgy - s torage mater ia l s  to provide the information necessary  for  meaningful 
design of TES-thermionic systems.  
1 . 2  P r o g r a m  Objective 
The p r imary  objective of this r e sea rch  is to evaluate 3Be0-2MgO and 
4BeO-MgO-Al203 for  u se  as  thermal-energy-storage mater ia l s  by determining selected 
thermophy s i ca l  propert ies .  
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1 . 3  P r o g r a m  Approach . '  
The evaluation of these ma te r i a l s  is being made by determining liquid and solid 
thermal-expansion charac te r i s t ics ,  liquid and solid thermal  conductivity , enthalpy and 
heat  of fusion, and compositional stability. Compatibility testing is being conducted to 
support the specimen preparat ion e f for t  and to provide assurance  that environmental  
effects will not influence the property data. 
Additional support  p rograms a r e  a l so  being conducted to define the BeO-MgO and 
BeO-MgO-Al203 equilibrium phase d iagrams,  to  determine the emittance and absorp-  
tance of potential container mater ia l s ,  and to provide a mathematical  model fo r  heat-  
t ransfer  analysis of a TES-thermionic device. 
2-1 and 2-2 I 
SECTION 2 . 0  SELECTED MATERIALS 
E a r l i e r  re la ted studies by GEMSD (2-A' 2-B' 2oc) involved the screening of var ious 
potential oxide mixtures .  
heat  of fusion, and appropriate melting point, showed 3Be0-2MgO and 4BeO-MgO-Al203 
to be likely candidates for  fur ther  consideration. These same  studies indicated that the 
re f rac tory  me ta l s  tungsten, molybdenum, rhenium, and tungsten-25 w/o  rhenium, held 
potential f o r  containment since no g ross  incompatibilities were  found in  these systems.  
The resu l t s  of these studies,  based pr imar i ly  on compatibility, 
After  investigating numerous suppliers for the required s tar t ing oxides, the 
following vendors were  selected: 
(1)  BeO: Brush  Beryl l ium (99.7 per cent) 
( 2 )  MgO: Morton Chemical (99.7 per cent) 
(3) A1203: Republic Foi l ,  Inc. (99.98 per  cent). 
Refractory me ta l s  were  obtained f rom commerc ia l  sources  and, in mos t  instances,  
were  ei ther  c a s t  and wrought o r  powder processed and wrought. 
processing technique on the behavior of these ma te r i a l s  was noted. 
N o  influence of 
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SECTION 3 . 0  ANALYTICAL AND EXPERIMENTAL TOOLS 
3. 1 Mater ia l s  Processing,  Characterization, and Compatibility 
I 
3. 1. 1 Consolidation Techniques 
Three  techniques were  employed fo r  the oxide-specimen consolidation, the selected 
technique being dictated by par t icular  tes t  requirements.  
r a the r  standard powder metal lurgical  processes;  pressing and sintering, and hot- 
pressing. 
tempera ture  (mater ia l  s t i l l  solid) and usually resu l t s  in higher densit ies.  
technique, te rmed p res su re  casting, is somewhat unusual since press ing  is conducted 
in the liquid state about 25 C above the melting point. 
insure  that  100 per  cent theoret ical  density w a s  achieved and that the adsorbed gases  
were  eliminated. 
Two of these techniques are  
The la t te r  process  mere ly  applies the compacting p r e s s u r e  a t  a n  elevated 
i 
I 
I 
I 
The third 
This  method was investigated to 
3. 1. 2 Analytical Tools 
Chemical  character izat ion of the oxides was accomplished by both wet-chemical 
(major  constituents) and e m i s  sion-spectrography ( impuri t ies)  techniques. 
metallographic techniques, both reflected and polarized light, were  employed for  
s t ruc tura l  character izat ion of the oxides and fo r  evaluation of the compatibility samples  
a f te r  they were  annealed in  standard,  high temperature ,  resistance-heated vacuum 
Standard 
I 
furnace s.  
I 
3 . 2  T h e r m a l  Expansion 
Measurements  of the solid ma te r i a l s  were made i n  dialatometers.  
expansions of the cylindrical  specimens were determined by this technique and densi t ies  
were  calculated f r o m  these data. 
generated with a pycnometer. 
m a t e r i a l  at  tempera ture  followed by weighing a t  room temperature .  
density a t  t empera ture  can  be directly computed. 
The l inear  
Thermal-expansion data on the liquid oxides were  
I 
I 
This  technique involves removal  of a known volume of 
Thus,  the liquid I 
I 3 . 3  Phase-Diagram Studies 
After  equilibrating anneals  at a given temperature ,  equilibrium phases  will be 
identified by metallographic and X-ray diffraction analyses.  
analysis  and cooling-curve techniques w i l l  be employed for  the determination of phase- 
t ransformat ion  temperatures .  
Diffe rential-the rmal- I 
I 
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3.4 Enthalpy and Heat  of Fusion 
A drop calor imeter  of the adiabatic copper-block design was used for  the enthalpy 
studies.  
t e r ia l  is dropped a t  a predetermined tempera ture ,  is determined by the change in  r e s i s -  
tance of a YSI precision thermis tor  which has  a temperature  coefficient of resist ivity of 
60  ohms per  C.  The precis ion of the temperature-measuring bridge circui t  i s  0. 001 C.  
The temperature r i s e  of the ca lor imeter  block, a f t e r  a known quantity of ma- 
3. 5 Heat-Transfer Analysis 
Heat-transfer analyses  will be accomplished by a finite-difference method, using 
a FORTRAN program for  solution on a CDC 3400 digital computer. 
3. 6 Compositional Stability 
Vapor species were  determined with a Bendix 12-107 Time-of-Flight mass spec- 
t rometer  equipped with an  electron-bombardment-heated Knudsen cell. 
ting f r o m  the cell were  collimated, then ionized in a n  electron beam, then pulsed f r o m  
the ion source  and d ispersed  by velocity selection. 
Vapors  emana-  
Vapor p re s su res  of the var ious species  were  determined by Knudsen-cell 
techniques. 
collected on cooled ta rge ts  and spectroscopically assayed.  
The gaseous products emanating f r o m  the orifice of a me ta l  cel l  were  
3.7 The rma l  Conductivity 
Because of the anticipated high conductivity at  low tempera ture ,  two different 
pieces of equipment will be utilized to m e a s u r e  the thermal  conductivity of the solid 
oxides over  the tempera ture  range of -180 C to  the melting point. 
flow, steady-state, comparative method will be employed fo r  the tempera ture  range 
-180 C to 925 C .  
than about 600 C. 
A longitudinal-heat- 
The self-guarding disk technique will be used a t  t empera tures  g r e a t e r  
Liquid thermal conductivity will be measu red  by a variable-gap apparatus .  This  
apparatus ,  l ike the self-guarding disk equipment, ut i l izes  a r a the r  thin, large-diameter  
disk specimen and m e a s u r e s  only the heat that pas ses  through the cent ra l  portion of 
the specimen. 
cylinders and is not measured.  
Heat passing through the outer portion of the disk goes into guard 
3. 8 Emittance and Absorptance of Container Mater ia l s  
The total  hemispherical  emittance of the container ma te r i a l s  was  measu red  by the 
hole-in-tube method. 
suring the temperature  of the emitting and absorbing su r faces ,  by measur ing  the radiant 
power as  the product of the potential drop and the heating cu r ren t  ( spec imens  a r e  heated 
by self-resistance),  and by knowing the specimen dimensions between potential leads.  
The emittance of the tubular specimen can  be calculated by mea-  
I N S T I T U T E  
I 
I 
! 
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SECTION 4.0 THERMOPHYSICAL PROPERTIES 
4. 1 Thermal  ExDansion 
The relationship of specific volumes to tempera ture  for 3Be0-2Mg0 and for  
4BeO-MgO-Al203 a r e  shown in F igures  4-1 and 4-2, respectively. 
one can calculate the per  cent expansion realized in going f rom one temperature  to 
another. 
to 1900 C while the te rnary  expands 26.6 per cent  f rom room temperature  to 2000 C. 
The shaded regions in F igures  4-1 and 4-2 represent  uncertainties in the melting points 
of the two oxides. 
observation that the 4BeO-MgO-Al203 composition does not possess  a unique melting 
point but mel t s  over an  as yet undetermined temperature  range. 
F r o m  these plots 
The binary oxide expands 31.8 per cent as  it is heated f r o m  room temperature  
The extremely wide band shown in F igure  4-2 resu l t s  f r o m  the 
4.2 Phase-Diagram Studies 
Since the experimental  phase of this program to date has  consisted of designing 
and building the differential thermal-analysis apparatus ,  no resu l t s ,  other than the fact  
that the construction of the furnace has  been completed, can be reported.  
The following 6-month period w i l l  resolve much of the phase-diagram controversy,  
particularly with reference to the 4BeO-MgO-Al203 oxide, through the u s e  of the DTA 
technique . 
4. 3 Enthalpy and Heat of Fusion 
Enthalpy and heat-of-fusion measurements  on 3Be0-2MgO have been completed. 
This  data and the analytical  curves  result ing f rom consideration of the data for  both 
solid and liquid enthalpies a r e  represented in  F igure  4-3 a s  a function of temperature .  
The heat  of fusion (enthalpy difference between liquid and solid a t  the melting point) for  
3Be0-2MgO was determined to be 370 cal  per g. 
Enthalpy determinations on 4BeO-MgO-Al203 a r e  in  progress .  
4 .4  Heat -Transfer  Analysis 
A one -dim ens ional t ransient  -hea t - transfe r program has be en writ ten which 
accommodates  the moving interface phenomena necessary  to descr ibe  the heat-storage 
effect where the latent heat  of fusion provides the heat-storage capability. Also incor- 
porated a r e  the radiation boundaries that a r e  necessary  for  the high-temperature 
problem and multiregion capability. 
p rog ram a r e  being conducted in an at tempt  to identify the most  c r i t i ca l  mater ia l  and 
s y s  t ems  p rope r  t ies . 
Currently,  paramet r ic  variations using the present  
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4 . 5  C omDositiona1 Stabilitv 
I 
I 
I 
Compositional-stability studies have revealed that the vapor p re s su res  above the 
contained oxides a r e  not sufficient to  cause concern over rupturing of container ves se l s  
because of internal  p re s su re  build-up. 
MgO in the binary and ternary compositions r eac t s  preferentially with tungsten and 
molybdenum container mater ia ls .  Studies indicate that, in a n  open sys tem where 
reaction products could escape o r  in a closed sys tem where a s teep temperature  gradient 
exis ts ,  appreciable mater ia l  t ranspor t  would occur and refractory-metal  erosion 
(tungsten) approaching the ra te  of 5 mils  per day might be expected. 
this t ranspor t  would be a change in  oxide composition over the container length. 
of the oxides in rhenium a r e  in progress .  
However , experimental  resu l t s  indicate that 
Associated with 
Studies 
4. 6 Wetting Abilitv 
The molten oxides appear to wet tungsten. I t  is expected that they will a l so  wet 
the other refractory meta ls  such as molybdenum, rhenium, and tungsten-25 w / o  
rhenium. Melting experiments  revealed that the molten oxide appeared to crawl o r  
c l imb the s ides  of a tungsten crucible when in a vacuum environment. 
an argon atmosphere w a s  employed this crawling tendency w a s  drast ical ly  reduced. 
However, when 
4 .7  The rma l  Conductivity 
The thermal-conductivity program was initiated during the l a s t  month of this 
f i r s t  6-month period. 
the solid-oxide the rmal-c  onduc tivity measurements  were completed. 
proceed with these approaches w a s  requested. 
on the variable-gap liquid-thermal-conductivity apparatus .  
Design and specification of the two apparatus to be used to make 
JPL approval to 
Initial design calculations were  begun 
4. 8 Emit tance and Absorptance of Container Mater ia ls  
The measured  emittance values for tungsten, rhenium, and tungsten-25 W / O  
rhenium a r e  given in Figures  4-4, 4-5, and 4-6, respectively. 
over the temperature  range of 1000 to 2500 C. 
Data were  obtained 
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SECTION 5 . 0  CONCLUSIONS AND RECOMMENDATIONS 
On the basis  of studies to date the 3Be0-2Mg0 eutectic oxide appears  to meet  
I severa l  of the c r i t e r i a  required f o r  thermal- energy- s torage applications. 
the heat of fusion available a t  the melting temperature  of r1870 C is 370 cal pe r  g 
which i s  somewhat lower than that predicted by other studies on this  mater ia l .  
volume expansion of 3Be0-2Mg0 on melting is quite high, 23. 8 per  cent. 
volume to accomodate this  expansion is required in the TES device but design of devices 
f r o m  this  standpoint is now possible. 
coming on the cur ren t  program, so essentially all the thermophysical-property data 
required for design purposes will  be available. 
involves radiation f rom and to the TES oxide and emittance data is required for design. 
However, 
I 
I The Thus, void 
Thermal- conductivity measurements  a r e  forth- 
One exception might be the emittance 
I 
I of the solid and liquid 3Be0-2MgO. With voids in the oxide, over-all  heat t ransfer  
The compatibility studies have shown that under isothermal  conditions, 3Be0- 
However, there  i s  
2Mg0 i s  compatible with both molybdenum and tungsten; i. e. , no g r o s s  solid- state 
react ions involving the formation of new phases were  observed. 
some solubility of both tungsten and molybdenum in the molten oxide. * Thus, under 
the influence of a thermal  gradient,  a mechanism for  m a s s  t r ans fe r  of the container 
ma te r i a l  exis ts .  
studies pointed out another mechanism for  m a s s  t r ans fe r  e i ther  in  an open system o r  
in  a closed system in a s teep thermal  gradient. 
re f rac tory  meta l  to form volatile oxides; e. g. , 
The vapor-pressure  data resulting f rom compositional- stability 
The MgO reac t s  preferentially with the 
In addition t o  a change in oxide composition over  the length of the container,  an erosion 
approaching the r a t e  of 5 mils  p e r  day might be expected. 
indicate that testing of the contained 3Be0-2Mg0 must  be made under anticipated 
operating conditions to gain confidence in the stability of the system pr ior  to  applica- 
tion. 
oxide must  be fur ther  investigated. 
mechanical effects resulting f rom the use of sealed containers. 
include quality of container mater ia l s  and reliability of c losure techniques. It a lso 
appears  possible that,  a f te r  thermal  cycling in a temperature  gradient,  sections of the 
oxide might become isolated in  such a way that the voids required fo r  expansion on 
melting may  not be available and rupturing may occur .  
These observations clear ly  
In addition, problems associated with mechanical compatibility of the contained 
The current program has not specifically studied 
Anticipated problems 
It is fur ther  recommended that additional consideration be given to the fabrication 
of full- s ca l e ,  fused 3Be0- 2Mg0 bodies. 
achieved by solid-state hot pressing,  i t  i s  felt that adsorbed gases  might lead to con- 
ta iner  fa i lure  under operating conditions. 
Even though comparable densit ies have been 
On the basis  of studies to date i t  i s  difficult to envision any mer i t s  of the 4Be0- 
MgO-Al203 composition over those of the 3BeO-2Mg0. Apparently the only unique fea- 
t u r e  of the t e r n a r y  i s  that i t  mel t s  over a temperature range while t he  binary mel t s  a t  a 
S t u d i e s  i n  rhenium are  i n  progress. Similar effects are  anticipated. 
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constant temperature.  
Hopefully, this  can be predicted by current  and future heat- t ransfer  analyses.  
other compositions in the binary BeO-MgO sys tem that mel t  over a tempera ture  range 
can be selected. The solidus temperature  ( f i r s t  liquid formed),  however, wi l l  always 
be ~ 1 8 7 0  C f o r  all compositions in that system. 
sys tem will probably define compositions having different melting points o r  melting- 
tempera ture  ranges. 
Melting over  a tempera ture  range may o r  may not be desirable .  
Even so,  
Phase-equilibria studies on the t e rna ry  
The current heat-transfer- analysis studies,  although highly idealized, will  pro- 
vide some information regarding the relative importance of the var ious thermophysical 
propert ies .  By paramet r ic  var ia t ions,  it is anticipated that those propert ies  having the 
most  influence on operational charac te r i s t ics  will  be defined. 
values required fo r  var ious propert ies  will be dependent upon environmental  testing and 
m o r e  rigourous hea t - t ransfer  analysis.  
making f inal  decisions regarding m e r i t s  of the t e rna ry ,  requirements  fo r  composite 
TES s t ruc tures ,  new c lasses  of TES mater ia l s ,  etc. 
However, absolute 
Studies of this  nature a r e  required before 
There a r e  indications that, because of the assumed low conductivity of the oxides 
at high tempera tures ,  the performance of a TES device using a mater ia l  such as 3Be0- 
2Mg0 may not be  ent i re ly  satisfactory.  One means  of improving the conductivity in- 
volves the introduction of high heat- t ransfer  (metal)  constituents in the TES media.  
Composites,  f i l iments,  ce rme t s ,  and the like may provide the means  for  increasing 
the conductivity to reasonable values provided that heat- s torage capacity is maintained 
at an adequate level. Initial studies of these types of ma te r i a l s  mus t  be centered on 
fabrication and compatibility research .  
Looking sti l l  fu r ther  ahead, one must  consider other  c l a s ses  of ma te r i a l s .  The 
oxides have been considered to  some extent by a number of interested workers  in the 
TES field. 
si l icides.  
boron, and silicon, future  efforts should be directed toward screening compositions in 
binary and te rnary  sys tems involving one o r  m o r e  of these  elements.  
that might be considered include Be2C, BqC, Be3N2, BN, ZrB12,  BeB6, and B@i. 
Te rna ry  additions may be required to adjust melting points if f o r  no other reason.  
Initial research  would concentrate on phase- d iagram studies followed by determinations 
of c r i t i ca l  thermophysical p roper t ies  and screening studies to evaluate the magnitude 
of the containment problem for  the m o r e  promising sys tems.  
However, little attention has  been given to the carb ides ,  n i t r ides ,  and 
Since appreciable heats of fusion a r e  associated with the elements  beryl l ium, 
Severa l  ma te r i a l s  
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MATERIALS SUPPORT 
SECTION 1 , O  INTRODUCTION 
The objective of this phase of the program i s  to provide mater ia l s  support  f o r  the 
property-testing phases of the program. 
character izat ion of these specimens both before and af ter  testing, and back-up com- 
patibility studies. 
This support  consis ts  of specimen fabrication, 
The t e s t  specimens w e r e  fabricated according to  the specimen density, composition, 
and configuration requirements  called for by  the various experimental  p rograms for  
which they w e r e  intended. 
All  finished specimens w e r e  character ized with respec t  to chemical  composition, 
impurity content, and micros t ruc ture  in order to  insure  high purity and compositional 
cor rec tness  before testing as well a s  to detect any compositional changes or impurity 
pickup which may have occurred during the par t icular  tes t .  
Compatibility support  t es t s  were  conducted only to provide aid in the design of 
testing equipment and the techniques required fo r  the fabrication of suitable specimens.  
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SECTION 2.0 SELECTION O F  R A W  MATERIALS 
I1 
I The initial task in the mater ia l s  support p rog ram was to secu re  suitable raw mate-  
Suitable is  defined in this case ,  as not only being of a high purity, but a l so  having r ia ls .  
ca se  of the alumina. 
I 
I 
! 
such charac te r i s t ics  as a low ignition loss and a l so  the c o r r e c t  crystal l ine phase in the 
Because of the hydroscopic nature of fine ce ramic  powders, i t  was  important f r o m  
The required a fabrication standpoint, that the raw mater ia ls  be high f i red o r  calcined. 
absence of volatile impurit ies.  
i 
I 
~ 
low ignition loss  was utilized as a n  indication of degree  of high firing as well  as the 
as it is the stable phase. 
The alpha phase was  des i red  in the case  of the alumina 
I 
After  checking numerous suppl iers  of raw mater ia l s  the following commerc ia l  
vendors w e r e  selected: BeO, Brush  Beryll ium; MgO, Morton Chemical  Co. ; Al2O3, 
Republic Foil ,  Inc. 
The B e 0  utilized was the CGHF-grade 99.7 pe r  cent pure mater ia l .  The average  
I 
I 
r 
part ic le  s i ze  of the mater ia l  was  8 p and the ignition loss  was  0.03 per  cent. The 
Morton Chemical Go. MgO was 99.7 pe r  cent pure  and showed a 0.5 pe r  cent ignition 
loss. The Republic Foi l  alpha-Al203 was 99. 98 pe r  cent pure and had a particle s ize  
ranging f r o m  0.4 to 1. 5 p. 
I 
The impurity contents of the as-received materials w e r e  measu red  at Battelle 
~ by emiss ion  spectroscopy. The result ing analyses a r e  shown in Table 2-1. In general ,  
the analysis  of the vendor agreed very  well  with the Battelle analysis.  
TABLE 2-1. IMPURITY CONTENT O F  AS-RECEIVED U T E R I A L S  
- 
I Impurity Content(a1, ppm 
(Brush  Be r yllium) (Republic Foi l )  (Mor ton) 
Impurity B e 0  A1203 MgO 
Iron 
Boron 
Silicon 
Mangane s e 
Lead 
Copper 
Titanium 
Calcium 
Aluminum 
Nickel 
Chrome 
Magnesium 
Molybdenum 
Tungsten 
3 0  
100 
T < 2  
T <  5 
T <  2 
20 
30 
30 
10 
5 
10 
-- 
-- 
100 
50 
200 
T <  10 
30 
100 
1000 
10 
-- 
300 -- 
- -  
l o  
5 
400 
30  
40 
30 
200 
- -  
- -  
- -  
- -  
- 
(a) T denotes trace. 
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SECTION 3.0 OXIDE CONSOLIDATION AND HANDLING TECHNIQUES 
As-received BeO, MgO, and A1203 were weighed in the c o r r e c t  proportions to 
achieve a 3Be0-2Mg0 (48.2 W / O  Be0-51.8 w / o  MgO) o r  a 4BeO-MgO-Al203 (41.3 w / o  
Be0-16.6 w / o  Mg0-42. 1 w / o  Al2O3) composition. 
1-qt, high-purity, alumina ball  mill one-half full of high-purity B e 0  grinding slugs. 
The c o r r e c t  (to bal l -surface level)  amount of ethyl alcohol was then added and the ent i re  
mixture  bal l  milled for  4 hr .  
The powders w e r e  loaded into a 
After milling, the powder was completely removed f r o m  the mill by repeated wash- 
The resul tant  s l u r r y  cake was granu- ings with ethyl alcohol and dr ied  at 65 C for 15 hr.  
lated through a 20-mesh sieve and hydrostatically pressed  a t  25 t s i  into cylindrical  
pieces  approximately 1 in. in diameter  by 2-in. long. 
The green-pressed  slugs of mater ia l  were  densified by s inter ing for  2 h r  in flowing 
d r y  hydrogen. 
in the case  of the ternary.  Following the hydrogen s inter ,  the s lugs w e r e  vacuum out- 
gassed  at 1100 C before being crushed to  a minus 40-mesh s i ze  faction for  consolidation. 
Sintering tempera tures  were 1750 C in the c a s e  of the binary and 1575 C 
Spot checks w e r e  conducted on the chemical composition and the impurity content 
There  was no evidence that this 
af ter  vari0c.s s teps  in the fabrication procedure to check whether o r  not the composition 
was  being a l te red  o r  contaminated during processing. 
had occurred.  The spot-check analyses  a re  shown in Section 5. 
The init ial  specimens fabricated were  for  the solid thermal-expansion tes t s .  In 
order  to  achieve theoretically dense body it was  decided to fabr icate  these specimens 
by the pressure-cas t ing  technique. 
tungsten-lined molybdenum die body which employs double-acting tungsten punches. 
en t i re  assembly  i s  then fit into a graphite holder inside a vacuum hot-press  unit. The 
ma te r i a l  is then heated to a des i red  temperature  while p r e s s u r e  i s  applied through the 
use  of hydraulic rams. 
In this technique, the granules  a r e  poured into a 
The 
This  pressure-cas t ing  technique differs f r o m  conventional hot pressing in that the 
The maximum tempera ture  is approximately 25 C above the melting point of the oxide. 
3Be0-2MgO composition was f i r s t  held a t  1750 C for  1 h r  under 10,000-psi  p r e s s u r e  
a f te r  which the p r e s s u r e  was reduced to 1000 ps i  and the tempera ture  increased  to 
1900 C. 
Since the reported melting temperature  of the 4BeO-MgO-Al203 i s  somewhat 
lower than that reported for  the binary system, the 10, 000-psi p ress ing  of the te rnary  
composition was conducted at 1625 C for  1 hr. The ma te r i a l  was  then heated to 1775 C 
under 1000-psi p ressure .  Both ma te r i a l s  were held at the high-temperature and low- 
p r e s s u r e  condition fo r  approximately 0. 5 hr. The s a m e  technique was a l so  utilized t o  
fabr ica te  the binary and t e rna ry  heat-capacity specimens.  
Since both melting and solidification of the oxide mixture  during p r e s s u r e  casting 
occur red  while the sys t em was confined under a n  external  p re s su re ,  s eve re  difficulties 
w e r e  encountered while attempting to pressure  cas t  large-diameter  specimens.  
became apparent  that the l a rge  volume increase occurring as a r e su l t  of the solid to 
liquid t ransformat ion  resul ted in a high internal die pressure .  The p r e s s u r e  was of 
such  a d e g r e e  that the die walls w e r e  deformed and split. 
It 
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As a result  of this behavior, character is t ic  of the mater ia l s  under investigation, , 
the temperature  was lowered to approximately 25 C below the melting point during 
pressing in  a n  attempt to achieve comparable mater ia l  without experiencing the volume 
expansion. 
The binary composition was pressed  at a temperature  of 1850 C for  1 hr  under 10,000- 
ps i  p re s su re  while the te rnary  composition was pressed  at 1725 C under the s a m e  t ime 
and p res su re  conditions. 
These hot pressings were  accomplished in tungsten-coated graphite dies.  
After the final densification and forming process ,  the mater ia l s  were  vacuum 
outgassed a t  1200 C. 
and i t  was noted that none had occurred during either process .  
Samples of each mater ia l  were  analyzed for  carbon contamination 
Additional samples  of each type of ma te r i a l  (i. e . ,  p re s su re  cas t  and hot pressed)  
were  examined in the Bendix Time-of-Flight m a s s  spectrometer  where i t  was found that 
the behavior of both mater ia l s  was identical. It was therefore  concluded that the high- 
temperature  hot-pressing technique developed would indeed be.applicable for the 
fabrication of large-diameter tes t  specimens (i. e. , solid thermal  conductivity). 
The density of the p re s su re  cas t  mater ia l  i s  nominally 99 to 100 per  cent of 
theoretical, while the hot-pressed densit ies a r e  nominally 98 to  100 per  cent of 
theoretical. 
The microstructure  of the binary pressure-cas t  ma te r i a l  i s  typical of a eutectic 
casting with randomly oriented laminae while the hot-pressed s t ruc ture  i s  a fine- 
grained, randomly oriented s t ruc ture  typical of most  ceramics  a s  can be seen  in Fig- 
u r e  3-1. 
"pull-out" during metallographic preparation. 
The porosity shown in the hot-pressed specimen is largely the resu l t  of g ra in  
The s t ructure  of the pressure-cas t  t e rnary  ma te r i a l  was not that of a eutectic 
composition but contained la rge  pr imary  crystals .  
ca se  i s  a l so  fine grained and randomly oriented. 
t e rnary  mater ia l  prepared by each technique a r e  shown in F igure  3-2. 
The hot-pressed s t ruc tu re  in  this 
Typical micros t ruc tures  of the 
Before the pressure-cas t  and/or  hot-pressed specimens were  subjected to testing, 
they were  ground t o  the required s izes  under undiluted cutting oil. 
mens were  then ultrasonically cleaned for 10 min  in  tr ichlorethylene and 10 min in ethyl 
alcohol. 
The ground speci-  
F o r  the tes ts  conducted on the ma te r i a l  in  the liquid s ta te ,  the oxides w e r e  SUP- 
plied in batches prepared by the previously descr ibed sintering technique. As  this 
mater ia l  was subjected to a melting step before the tes t s  w e r e  conducted, it was not 
believed necessary to  subject this ma te r i a l  to a high-temperature heat t rea tment  o r  
melting pr ior  to testing. Typical s t ruc tures  of this ma te r i a l  a r e  shown in F igure  3-3. 
A summary of the required specimens is given in Table 3-1 i l lustrating their  
cur ren t  status,  s ize ,  and fabrication technique, 
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750X RM44 128 
(a) P r e s s u r e  C a s t  
750X RM43698 
(b) Hot P r e s s e d  
FIGURE 3-1 .  TYPICAL PRESSURE-CAST AND HOT-PRESSED 
STRUCTURES AT 3Be0-2Mg0 
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25 OX RM435 11 
(a)  P r e s s u r e  Cas t  
250X RM43362 
(b)  Hot P r e s s e d  
FIGURE 3-2. TYPICAL PRESSURE-CAST AND HOT-PRESSED 
STRUCTURES AT 4BeO-MgO-Al203 
1 .  
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250X RM43366 
(a) 3Be0-2Mg0 
1 oox RM 43 3 65 
(b) 4B e 0  -M g o  -A1203 
FIGURE 3-3. TYPICAL PRESSED AND SINTERED 3Be0-2Mg0 
AND 4BeO-MgO-Al203 MATERIALS FOR LIQUID- 
PHASE TESTS 
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TABLE 3-1. SUMMARY O F  SPECIMENS REQUIRED, SIZE, FABRICATION 
TECHNIQUE UTILIZED, AND STATUS 
Fabrication Curren t  
Technique Status Tes t  Specimen Size 
Binary solid expansion 3/ 8-in. diameter  x 1-in. long P r e s s u r e  cas t  Completed 
Ternary  solid expansion 3/8-in. diameter  x 1-in. long P r e s s u r e  c a s t  Completed 
Binary liquid expansion 1. 2-kg batch Sintered slugs Completed 
Ternary  liquid expansion 1.2-kg batch Sintered slugs Completed 
Binary enthalpy 3/8-in. diameter  x 3/4-in. P r e s s u r e  c a s t  & Completed 
long hot pressed  
Ternary  enthalpy 3/8-in. diameter  x 3/4-in. P r e s s u r e  c a s t  & Completed 
hot pressed  long 
Compatibility samples Various s izes  Hot p r e s  sed Completed 
Low-temperature binary 3/4-in. diameter  x 2-1/2 in. Hot pressed  Awaiting J P L 
and t e rna ry  conductivity long approval 
High-temperature binary 3-in. diameter  x 1-in. thick Hot pressed  Awaiting JPL 
and t e rna ry  conductivity approval 
Liquid binary and Batch granules Sintered Awaiting JPL 
ternary  conductivity approval 
I N S T I T U T E  
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SECTION 4. 0 SPECIMEN CHARACTERIZATION 
4. 1 Metallurgical and Chemical Analysis Techniques -
Before the specimens were tes ted,  sample sections were  cut f rom each for  a 
The var ious techniques 
pre tes t  characterization. 
spectrographic analysis ,  and metallographic examinations. 
utilized follow. 
This characterization consisted of chemical analysis ,  
4. 1 .  1 Chemical Analysis 
A weighed amount of minus 80-mesh mater ia l  is decomposed in molten sodium 
bisulfate. Upon cooling, the  melt  is dissolved in dilute, hot HC1. 
in the sample,  it is precipitated f rom the buffered solution as the quinolate. 
aluminum-quinolate is f i l t e red  through a porous porcelain frit, washed with cold water ,  
dr ied at 140 C and weighed. 
If A1203 is present  
The 
The f i l t ra te  is carefully reserved  for  fur ther  analysis.  
The f i l t ra te  is then diluted with distilled water  and brought to a pH of 8 to  9 by 
the addition of ammonium chloride and ammonium hydroxide. 
brought to  a boil, cooled, the Be(0H)Z f i l tered,  and washed with hot ammonium 
ni t ra te .  
reprecipitated as before. 
The beryl l ium, precipitated as Be(OH)2 is ignited slowly to  B e 0  at 1000 C. 
The solution is then 
The precipitate is dissolved from the paper with hot HC1 and the beryll ium 
The f i l t ra tes  a re  combined f o r  the analysis of magnesium. 
The remaining combined f i l t ra tes  a r e  acidified with HC1 and dr ied with the addi- 
tion of "03. Twenty per  cent 
diammonium phosphate is then added and s t i r r ed ,  a f te r  which an excess  amount of 
NH4OH is added until the solution is alkaline. 
and then f i l tered through no-ash f i l ter  paper. 
then washed repeatedly with dilute NH40H. 
750 C and finally ignited at 1100 C for  30 min. 
desiccator  and weighted a s  Mg2P207. 
The solution is then diluted with water  and cooled. 
The solution is left standing overnight 
The beaker ,  precipi ta te ,  and paper a r e  
The precipitate and paper a r e  char red  at 
The remaining powder is cooled in a 
4. 1. 2 Emission Spectroscopy 
T5e impurity contents of the mater ia ls  were  measured  by standard emission 
The electrons of the constituent and 
A charac te r i s t ic  wave- 
spectrographic  techniques. 
mixture  sparked with a high-voltage d-c  arc .  
impuri ty  a toms a r e  then excited into higher energy levels.  
length of energy i s  emitted as the electrons re turn  to the i r  ground-state levels.  
cha rac t e r i s t i c  emission is recorded on a photographic plate in the f o r m  of l ines of vary- 
ing intensity. 
ing var ious known amounts of impuri t ies ,  the relative impurity content can be 
determined. 
The sample i s  pulverized, mixed with graphite,  and the 
This  
By matching the intensity of these l ines with those of a standard contain- 
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4. 1.  3 Metallographic Prepara t ion  
The samples to be evaluated by metallographic techniques a r e  first mounted in 
Epon 815 resin.  
men and mount a r e  ground to the des i red  depth using a s e r i e s  of S i c  paper  disks.  
g r i t  s ize  f o r  grinding ranges f rom 240 to 600. 
solution of lp-Al2O3 in 2 per  cent chromic acid on nylon cloth, while 0. 05-/J Linde B 
in 2 pe r  cent chromic acid on l int less  cloth is used for  the second polish. 
that a third polish is des i red ,  it is accomplished using a solution of rouge-2 pe r  cent 
chromic acid on a microcloth. 
After the epoxy r e s in  has  hardened under a slight vacuum, the speci- 
The 
The first polish is conducted using a 
In the event 
Initially, the specimens were  etched with a solution composed of 30 pa r t s  lact ic  
acid,  10 par t s  "03, and 10 pa r t s  HF;  however, this  w a s  an  extremely rapid etch and 
had a tendency to overetch the fine-grained eutectic s t ructure .  
acting etch composed of equal pa r t s  sulfuric acid and water  has  been used successfully. 
Recently, a slower 
After etching, the specimens a r e  examined at magnifications up to 1500X using 
ei ther  reflected o r  polarized light. 
4. 2 P r e t e s t  Characterization 
The chemical analyses  on the pre tes t  specimens prepared  to date a r e  shown in 
Table 4-1. All analyses indicate that the specimens a r e  on composition o r  within 
analytical accuracy except in the case  of the binary liquid-expansion mater ia l .  F o r  
this  par t icular  batch of mater ia l ,  th ree  random samples  were  taken and analyzed. 
is believed that the sampling technique was  faulty and resul ted in a nonhomogeneous 
sample.  
has undergone an additional homogenization t reatment  during melting. 
It 
This problem is resolved in the analysis a f te r  testing where the ma te r i a l  
TABLE 4- 1. PRETEST CHEMICAL ANALYSIS OF TEST SPECIMENS 
Compos ition, w / o 
Tes t  Specimen B e 0  MgO A1203 
Binary solid expans ion 48. 2 
Ternary  solid expansion 41. 3 
Binary liquid expansion 50.  0 
49. 7 
53.  8 
Ternary  liquid expansion 40. 8 
41. 0 
41. 8 
49. 0 
41. 4 
48. 2 
Binary enthalpy and compositional stabil i ty 
Ternary  enthalpy and compositional stabil i ty 
Binary phase diagram and compatibility 
52. 0 
16. 7 
50. 0 
49.9 
46. 0 
17. 1 
16. 7 
16. 8 
51. 5 
16. 5 
51. 8 
-- 
41. 9 -- 
-- 
-- 
41. 9 
42. 2 
41. 7 
42. 2 
- -  
-- 
The resulting spectrographic analyses a r e  shown in Table 4-2. In a l l  c a s e s ,  the 
impurity content i s  extremely low o r  within the  l imi t s  of the anticipated amounts.  The 
i ron  contamination appears  to be ra ther  high in Some cases ;  however,  this  is believed 
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Test Specimen Iron Silicon Aluminum Copper Titanium Calcium Molybdenum Tungsten 
I Binary solid expansion 300 300 100 30 50 300 30 50 
I The metallographic examination revealed that all the specimens exhibited typical 
s t ruc tu res  for  their  par t icular  fabrication process .  
been shown in Section 3. 0. 
These typical s t ruc tures  have 
I 
4. 3 Post tes t  Characterization 
At the conclusion of the var ious property measurements  the specimens were  
subjected to evaluations o r  characterizations af ter  testing by chemical analysis ,  
spectrographic  analysis ,  and metallographic examination. The objective of this  
character izat ion was to  check the tes t  specimen fo r  any compositional changes o r  im- 
purity pickup which may have occurred  during testing as well  as any obvious differences 
in micros t ruc ture .  
One-eighth-in. -thick wafers  were  cut f r o m  each of the ends of the solid thermal-  
expansion specimens as these sections of the rods were  in contact with the tungsten 
b a r r i e r  foil  during the  tes t .  
second fo r  spectrographic analysis.  
4-4. 
changes in the micros t ruc ture  during testing. 
One wafer was submitted f o r  chemical analysis and the 
Respective analyses  a r e  shown in Tables 4 - 3  and 
The post tes t  metallography is shown in F igure  4- 1. There  were  no apparent 
The chemical analysis of the posttest  binary solid-expansion specimen agreed 
ex t remely  wel l  with the pre tes t  analysis;  however, a grea t  deal of difficulty was 
experience with the t e rna ry  analysis.  Because of the chemical s imi la r i ty  of the three  
components, the analysis  of this  mater ia l  is extremely difficult. The first analysis of 
the end wafer  resul ted in a mixed precipitate of two of the components, thus rendering 
the analysis  inaccurate.  The section used in the metallographic examination was then 
used for  analysis ;  however, it w a s  inadvertantly destroyed during analysis so that no 
post tes t  chemical  analysis on the t e rna ry  solid- expansion specimen is available. 
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TABLE 4-3 .  CHEMICAL ANALYSIS ON TEST SPECIMENS AFTER TESTING 
Compo sition, w / o 
Tes t  Specimen B e 0  MgO A1203 
Binary solid expansion 
Te rna ry  solid expansion 
Binary liquid expansion(a) 
Binary liquid expansion(b) 
48. 8 50. 4 -- 
Specimen destroyed during 
49. 1 51. 0 -- 
48. 8 51. 4 - -  
analysis  
Te rna ry  liquid expansion 
Te rna ry  enthalpy and compositional stability 
(a) Specimen tested at 1932 C. 
(b) Specimen tested at 2045 C. 
To be conducted 
To be conducted 
Binary enthalpy and compositional stability 48. 0 51. 8 -- 
- 
TABLE 4-4. SPECTROGRAPHIC ANALYSIS OF TEST SPECIMENS AFTER TESTING 
Impurity Content(a), ppm 
Iron Silicon Aluminum Copper Titanium Calcium Molybdeliuln Tungsten -- - -- - - Test Specimen 
Binary solid expansion 500 490 100 1 0  30 300 80 200 
T eriiary solid expansion - -  -- M 10 0 500 800 5 00 T 
Biliary liquid expansion(b) 200 - -  100 <1 OT 30 300 <10T 2000 
Binary eiithalpy and compositional stability - -  - _  100 100 50 500 3000 G T  
Binary liquid compatibility with tungsten 500 - -  100 <1 OT 30 500 <lOT 2000 
Binary liquid expansion(c) 200 -- 100 <lOT 30 300 <lOT 4000 
Ternary liquid expansion 
Ternary enthalpy and compositional stability 
T o  be  conducted 
T o  be  conducted 
(2145 C for 5 hr) 
(a) T 3: trace; M = major component. 
(b) Specimen tested at  1932 C.  
(c) Specimen tested a t  2045 C.  
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25 OX RM43702 
(a) Binary Specimen 
.. iI ,* 
% I  ' * !  - 
1 oox RM4352 1 
(b)  Ternary Specimen 
FIGURE 4-1. MICROSTRUCTURE OF POSTTEST BINARY AND TERNARY 
SOLID-EXPANSION SPECIMENS AFTER TESTING 
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The spectrographic analysis on the binary specimen showed a slight pickup L 
of tungsten as  a resul t  of the tungsten foil  employed a s  a b a r r i e r  layer ;  however, 200 
ppm is not considered to be excessive and may be the resul t  of small par t ic les  stick- 
ing to  the surface when the foi l  was  removed. On the other hand, the t e rna ry  analysis 
showed a pickup of 500-ppm molybdenum with virtually no tungsten contamination. A 
spectrographic analysis of the foil  b a r r i e r  used in this  t e s t  showed 25 pe r  cent molyb- 
denum in the foil .  The source of this  contamination i s  a s  yet unresolved. 
Five posttest samples  were  received f r o m  the binary liquid- expansion measure-  
These specimens were  pulled f r o m  the molten bath at tempera tures  of 1932, ments.  
1952, 1962, 2005, and 2045 C. 
chemical and spectrographic analysis ,  while the 1962 C specimen was examined metal-  
lographically. The chemical and spectrographic analysis a r e  shown in Tables  4-3 and 
4-4 while the microstructures  a r e  i l lustrated at three  different locations in the sample 
in Figure 4-2. 
The 1932 and 2045 C specimens were  subjected to 
The chemical analysis indicated that the molten mater ia l  w a s  of the co r rec t  
composition and that the sampling inhomogeneities mentioned in the pre tes t  character-  
ization section had indeed been resolved. The spectrographic analysis  of these  speci- 
mens indicated a tungsten pickup of 2000 ppm in the 1932 C specimen while the 2045 C 
specimens indicated a tungsten content of 4000 ppm. 
since the binary liquid-compatibility t e s t  with tungsten conducted at 2145 C fo r  5 h r  
indicated a tungsten pickup of 2000 ppm, as shown in Table 4-4. 
contamination during the tes t  was  probably a resul t  of more  tungsten surface a r e a  
being exposed to the molten oxide. 
This w a s  not totally unexpected 
The higher tungsten 
There  was no metal l ic  tungsten visible in the micros t ruc ture  of the 1962 C 
specimen, which would be expected to contain between 2000 and 4000 ppm, even at 
magnifications as high as 1500X. 
oxide. 
Thus,  the tungsten is apparently in solution in the 
Although the liquid- expansion measurements  have been completed on the t e rna ry  
ma te r i a l s ,  the posttest  characterization resu l t s  a r e  not available at this  t ime.  
The binary enthalpy specimen w a s  sectioned and one half submitted fo r  chemical 
and spectrographic analysis.  
examined by metallographic techniques. 
The remaining molybdenum- clad specimen w a s  
The chemical analysis of the oxide, shown in Table 4-3, agreed  ex t remely  well 
with the pretest  analysis (Table 4- 1). 
indicated a molybdenum content of 3000 ppm. 
visible in the metallography shown in F igure  4-3. 
The spectrographic  analysis  shown in Table 4-4 
This molybdenum contamination is 
Because of the nature of the molybdenum contaimination observed,  it w a s  con- 
cluded that it was a resul t  of a mechanical p rocess  ra ther  than one of solution o r  
chemical attack. Nevertheless ,  this  contamination would have no effect on the r e su l t s  
of the enthalpy measurements  as the tes t  is based on knowledge of the exact m a s s  of 
the molybdenum cladding and the oxide, and these  m a s s e s  have not been a l te red  during 
the tes t .  
Since the measurement  of the enthalpy of the t e rna ry  composition is cur ren t ly  in 
p rog res s ,  this specimen has  not yet been charac te r ized .  
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2 x  RM458 3 2 
(a) Cross Section 
750X RM45838 
(b) Top Section 
750X RM45837 
(c) Center Section 
750X RM45839 
(d) Bottom Section 
FIGURE 4-2. MICROSTRUCTURE AT DIFFERENT LOCATIONS OF THE 1932 C 
BINARY-LIQUID-EXPANSION SPECIMEN AFTER TESTING 
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25 OX RM45684 
(a) Center  
250X RM45682 
(b) Interface 
FIGURE 4-3. MICROSTRUCTURE O F  THE BINARY ENTHALPY SPECIMEN SHOWING 
MOLYBDENUM CONTAMINATION AFTER TESTING 
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SECTION 5.0 CONTAINMENT AND COMPATIBILITY STUDIES 
5. 1 Experimental  Objectives 
The objective of this phase of the program i s  to provide back-up compatibility tes t s  
to develop suitable fabrication techniques and aid in the design of testing equipment. 
The tes t s  a r e  designed to s imulate  conditions encountered during property measurements  
and to evaluate the various mater ia l s ,  tungsten, rhenium, and tungsten-25 w/  o rhenium, 
utilized in  the equipment for  chemical  reactivity with the binary and t e rna ry  oxides. 
addition, the effect  of both argon and vacuum on the container materials-oxides com- 
patibility a r e  to be determined. 
In 
5.2 Experimental  Studies 
The planned tes t s  a r e  l isted in Table 5-1. In init ial  compatibility studies emphasis  
was placed on the fabrication of the container ma te r i a l s  and their  compatibility with the 
binary and t e rna ry  oxides, effect of heat treating o r  melting the oxides in argon o r  
vacuum a tmospheres ,  amount of outgassing of the molten oxides, and creeping be- 
havior of the molten oxides on the container walls. 
TABLE 5- 1. PROPOSED COMPATIBILITY BACK-UP TESTS WITH BOTH 
BINARY AND TERNARY COMPOSITIONS 
Tempera-  
Couple or  Tes t  ture ,  C Time Support for  Tes t  
Tungsten-coated graphite- 1925 to 2000 
Tungsten crucibles-oxide 1925 to 2000 
oxide 
Graphite -tungs ten- oxide 
Graphite - tung s ten- oxide 
to 1 7 00 
to 1800 
( te rnary  1' 
(binary ) 
Tungsten v e r s u s  oxide to 1800 
Rhenium v e r s u s  oxide to 1800 
Tungsten-rhenium versus  to 1800 
oxide 
Tungsten v e r s u s  oxide 
Rhenium v e r s u s  oxide for  binary 
1925 to 2125 
only 
Melt in crucible and Prepara t ion  of samples  
check containment and fusion of oxides 
Heat a t  5 C per  min Solid thermal  expansion 
Heat a t  5 C per  min  Solid the rma l  expansion 
5 h r  
5 h r  
5 h r  
5 hr 
5 h r  
Tungsten-rhenium versus  1800 to 2000 5 h r  
only 
oxide for  te rnary  
Solid the rma l  
conductivity 
Solid the rma l  
conductivity 
Solid thermal  
conductivity 
Liquid thermal  expansion 
and the r ma 1 
conductivity 
E A T T E L L E  M E M O R I A L  I N S T I T U T E  
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The remaining tes t s  were  designed to  provide compatibility data for  the various 
physical-property tes ts .  The order  of these tes t s  was solid thermal  expansion, solid 
the rma l  conductivity, liquid thermal  expansion and conductivity. Information of pa r -  
t icular i n t e re s t  in these tes t s  was possible gross  chemical reactivity between the 
binary and ternary oxides (both solid and liquid) and the refractory meta ls  (tungsten, 
tungsten-25 w / o  rhenium, and rhenium). 
. , 
5.2. 1 Experimental  Techniques 
5.2. 1. 1 Compatibility Tests  for  Prepara t ion  of Physical-  
Property Specimens and Fusion of Oxides 
This initial compatibility support was concerned with sample preparat ion and the 
retention of molten binary and te rnary  oxides. 
crucibles  w e r e  prepared to contain the molten oxides. Tungsten crucibles ,  approxi- 
mately 1-in. OD by 1-in. long with 3/8-in. -ID and 3/4-in. blind hole, w e r e  prepared  
by  green  pressing 1 to 10-p tungsten powders a t  30 tsi. Following the dril l ing of the 
blind holes in  the green  compacts,  they were  hydrogen s intered for  4 h r  a t  1650 C, 
followed by vacuum sintering for  4 h r  a t  1700 C. 
densit ies ranging between 95 and 97 pe r  cent of theoretical. 
graphite crucibles w e r e  prepared  by plasma spraying tungsten powders on machined 
A T J  graphi te  containers, 
0. 200 in. in thickness. 
Tungsten and tungsten-coated graphite 
Resulting crucibles  had measu red  
The tungsten-coated 
The plasma-sprayed tungsten layers  ranged between 0. 100 to 
Binary and te rnary  oxides, 3Be0-2Mg0 and 4BeO-MgO-Al203, w e r e  prepared  and 
blended by milling under ethyl alcohol in a high-purity alumina mill using B e 0  slugs as  
the grinding media. The s l u r r y  was  dr ied  in air, crushed,  loaded into tubular con- 
ta iners ,  and hydrostatically p re s sed  into pellets under a p r e s s u r e  of 50, 000 psi. The 
binary and ternary green-pressed pellets w e r e  loaded into tungsten-lined molybdenum 
boats and sintered in d ry  hydrogen a t  1700 C and 1575 C, respectively. 
the pellets were  crushed and loaded into the tungsten and tungsten-coated graphite 
crucibles ,  
After sintering, 
Chemical analyses of the binary and t e rna ry  s intered ma te r i a l s  w e r e  48. 1 W / O  
Be0-52.2 w / o  MgO and 41. 1 w / o  Be0-16.7 w / o  Mg0-41.9 w / o  A1203, respectively.  
Spectrographic analyses of both compositions a re  shown in Table 5-2. 
The tungsten and tungsten-coated graphite crucibles  containing l a rge  granules  of 
the binary and ternary compositions were  melted under a rgon  and vacuum a tmospheres  
to  de te rmine  if any effect of melting atmosphere was  noted. 
tempera tures  f o r  the binary and te rnary  compositions under both argon and vacuum 
a tmospheres  were within 10 C of their  respect ive repor ted  values,  1872 and 1747 C. 
Af te r  the oxides melted,  the binary and t e rna ry  me l t s  w e r e  held for  1 h r  a t  1900 and 
1800 C, respectively, under both argon and vacuum a tmospheres .  After  cooling to  
ambient temperature ,  the tungsten and tungsten-coated graphite crucibles  w e r e  
longitudinally sectioned and metallographically examined. 
The observed melting 
. .  
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SECTION 5.0 CONTAINMENT AND COMPATIBILITY STUDIES 
5. 1 Experimental  Objectives 
The objective of this phase of the program is to provide back-up compatibility tes t s  
to develop suitable fabrication techniques and aid in  the design of testing equipment. 
The tes t s  a r e  designed to s imulate  conditions encountered during property measurements  
and to evaluate the various mater ia l s ,  tungsten, rhenium, and tungsten-25 w / o  rhenium, 
utilized in the equipment f o r  chemical  reactivity with the binary and t e rna ry  oxides, 
addition, the effect of both argon and vacuum on the container mater ia ls-oxides  com- 
patibility a r e  to be  determined. 
In 
5, 2 Experimental  Studies 
The planned tes t s  a r e  l is ted in Table 5-1. In init ial  compatibility studies emphasis  
was placed on the fabrication of the container materials and their compatibility with the 
binary and t e rna ry  oxides, effect of heat treating o r  melting the oxides in argon o r  
vacuum atmospheres ,  amount of outgassing of the molten oxides, and creeping be- 
havior of the molten oxides on the container walls. 
TABLE 5- 1. PROPOSED COMPATIBILITY BACK-UP TESTS WITH BOTH 
BINARY AND TERNARY COMPOSITIONS 
- 
Tempera-  
Couple o r  Tes t  ture ,  C Time Support for  Tes t  
Tungsten- coated graphite- 
Tungsten crucibles  -oxide 
oxide 
Graphite -tungs ten- oxide 
Graphite- tungs ten- oxide 
(t e r na r y 1’ 
(bina r y ) 
Tungsten ve r sus  oxide 
Rhenium v e r s u s  oxide 
Tungsten-rhenium ve r sus  
oxide 
Tungsten ve r sus  oxide 
Rhenium v e r s u s  oxide 
Tungsten- rhenium ve r sus  
oxide 
1925 to 2000 
1925 to 2000 
to 1700 
to 1800 
to 1800 
to  1800 
to 1800 
1925 to 2125 
for  binary 
only 
Melt in crucible and 
check containment 
Prepara t ion  of samples  
and fusion of oxides 
Heat a t  5 C pe r  min  Solid thermal  expansion 
Heat a t  5 C per  min  Solid thermal  expansion 
5 h r  
5 h r  
5 h r  
5 h r  
5 h r  
1800 to 2000 5 h r  
for  te rnary  
only 
Solid thermal  
conductivity 
Solid thermal  
c ondu c t ivi t y 
Solid thermal  
conductivity 
Liquid thermal  expansion 
and the r ma 1 
conductivity 
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The remaining tes t s  w e r e  designed to provide compatibility data for  the various 
The o rde r  of these tes t s  was  solid thermal  expansion, solid 
Information of par -  
physical-property tests.  
t he rma l  conductivity, liquid thermal  expansion and conductivity. 
t icular i n t e re s t  in these tes ts  was possible g ross  chemical reactivity between the 
binary and ternary oxides (both solid and liquid) and the refractory meta ls  (tungsten, 
tungsten-25 w / o  rhenium, and rhenium). 
5.2. 1 Experimental  Techniques 
5. 2. 1. 1 Compatibility Tes ts  for  Prepara t ion  of Physical-  
Property Specimens and Fusion of Oxides 
This initial compatibility support  was  concerned with sample preparat ion and the 
retention of molten binary and te rnary  oxides. 
crucibles  w e r e  prepared to contain the molten oxides. Tungsten crucibles ,  approxi- 
mately 1-in. OD by 1-in. long with 3/8-in. -ID and 3/4-in. blind hole, w e r e  prepared  
by green  pressing 1 to 10-p tungsten powders a t  30 tsi. Following the dril l ing of the 
blind holes in the green  compacts,  they were  hydrogen s intered for  4 h r  a t  1650 C, 
followed by vacuum sintering for  4 h r  a t  1700 C. 
densit ies ranging between 95 and 97 pe r  cent of theoretical. 
graphite crucibles w e r e  prepared  by plasma spraying tungsten powders on machined 
A T J  graphite containers. 
0. 200 in. in thickness. 
Tungsten and tungsten-coated graphite 
Resulting crucibles  had measu red  
The tungsten-coated 
The plasma-sprayed tungsten layers  ranged between 0,100 to  
Binary and te rnary  oxides, 3Be0-2Mg0 and 4BeO-MgO-Al203, w e r e  prepared  and 
blended by milling under ethyl alcohol in a high-purity alumina mill using B e 0  slugs as  
the grinding media. The s l u r r y  was  dr ied  in a i r ,  crushed,  loaded into tubular con- 
ta iners ,  and hydrostatically p re s sed  into pellets under a p r e s s u r e  of 50, 000 psi. The 
binary and ternary green-pressed pellets were  loaded into tungsten-lined molybdenum 
boats and sintered in d r y  hydrogen a t  1700 C and 1575 C, respectively. 
the pellets were  crushed and loaded into the tungsten and tungsten-coated graphite 
crucibles.  
After sintering, 
Chemical analyses of the binary and te rnary  s intered mater ia l s  w e r e  48. 1 W / O  
Be0-52.2 w / o  MgO and 41. 1 w / o  Be0-16.7 w / o  Mg0-41.9 w / o  A1203, respectively.  
Spectrographic analyses of both compositions a r e  shown in Table 5-2. 
The tungsten and tungsten-coated graphite crucibles  containing la rge  granules  of 
the binary and ternary compositions w e r e  melted under argon and vacuum a tmospheres  
to  de te rmine  i f  any effect  of melting atmosphere was  noted. 
tempera tures  f o r  the binary and te rnary  compositions under both a rgon  and vacuum 
a tmospheres  were within 10 C of their  respect ive repor ted  values,  1872 and 1747 C. 
After  the oxides melted,  the binary and t e rna ry  me l t s  w e r e  held for  1 h r  a t  1900 and 
1800 C, respectively, under both argon and vacuum atmospheres .  After  cooling to  
ambient temperature ,  the tungsten and tungsten-coated graphite crucibles  w e r e  
longitudinally sectioned and metallographically examined. 
The observed melting 
I N S T I T U T E  
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5-3 I ' . -  TABLE 5-2. SPECTROGRAPHIC ANALYSIS O F  THE BINARY 
AND TERNARY COMPOSITIONS AFTER 
S INT E RING 
Analysis(a),  ppm 
Impurity 3 BeO- 2Mg0 4B e o -  MgO-Al203 
Iron 200 200 
Silicon 500 300 
Aluminum 
Copper 
500 
<10N 
Tit  an ium 50 <30 
Calcium 500 300 
Molybdenum <30 <30 
Tungsten <50N <50 
(a) N = not detected. 
5. 2. 1. 2 Back-up Compatibility Tes ts  for  Physical- 
P rope r ty  Determinations 
Compatibility couples were  prepared to provide a s su rance  that environment and 
proposed testing-equipment mater ia l s  would not influence physical-property tests. 
These couples w e r e  tested under conditions s imi la r  to those used in physical-property 
testing. 
and liquid the rma l  expansion and conductivity t e s t s  a r e  shown in F igure  5-1. Vapor- 
deposited tungsten and powder-extruded tungsten-25 w / o  rhenium tubes were  used for  
the var ious compatibility back-up tests.  
w e r e  machined f r o m  rods prepared by both powder and arc-cast ing techniques. 
Capsules and pellets a r e  current ly  being prepared f r o m  rhenium stock. 
Couple designs for the solid thermal expansion, solid thermal  conductivity, 
Tungsten and tungsten-25 w / o  rhenium pellets 
Binary and t e rna ry  oxide s intered under the previously descr ibed conditions 
w e r e  c rushed  to  minus 40-mesh powders, loaded in a tungsten-lined molybdenum die,  
and hot p re s sed  at 1'800 and 1700 C,  respectively, for  1 h r  under a 10,000-psi  load. 
The dense rods  w e r e  ground to  provide a s l ip  f i t  inside the tungsten and tungsten-25 
W / O  rhenium tubing. 
for  15 to  30 min  and vacuum outgassed a t  1100 C for  30 min. 
the binary and t e rna ry  pellets were  3 .  25 and 3 .  28 g pe r  cm3, respectively,  o r  100 pe r  
cent of theoret ical  density. Chemical analyses of the binary and te rnary  compositions 
a f te r  hot press ing  were ,  respectively,  48. 2 w / o  Be0-51.8 w / o  MgO and 41.4 w / o  
Be0-16. 5 w / o  Mg0-42. 2 w / o  A1203. Spectrographic analyses of both compositions 
a r e  shown in Table 5-3. The vacuum-outgassed oxides w e r e  s tored in a dessicator  
p r io r  to  loading in the compatibility capsules. 
thermal-expansion tes t  capsules w e r e  vacuum outgassed a t  1900 C fo r  1 hr.  The tungsten 
and tungsten-25 w / o  rhenium tubes,  electron-beam sealed at one end, and end plugs w e r e  
vacuum outgassed a t  1100 C for  30 min. 
su les  and pellets w e r e  done in a dust-free area under conditions designed to avoid 
contamination. 
The ground pellets were ultrasonically cleaned in ethyl alcohol 
Densities measured  for  
A T J  graphite plugs required for  the solid 
Assembly and handling of the outgassed cap- 
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Solid Thermal Expansion 
Oxide: binary (3 Be0-2  Mg 0) or 
Couples: graphite -tungsten- binary 
ternary (4 BeO-MgO-AI,O,) 
graphite- tungsten -ternary 
Solid Thermal Conductivity 
Oxide: binary (3 Be0-2Mg0) or 
Couples: tungsten - binary ; tungsten-ternary 
tungsten-rhenium-binary; tungsten-rhenium-ternary 
rhenium- binary; rhenium-ternary 
ternary (4 BeO-MgO-AI,O,) 
Tungsten, tungsten-rhenium, rhenium 
Liquid Thermal Expansion and Conductivity 
Oxide: binary ( 3  Be0 - 2 MgO) or 
ternary (4 8 e 0 -  Mg0-A120, 1 
Couples: tungsten - binary; tungsten- ternary 
tungsten-rhenium-binary; tungsten-rhenium-ternary 
rhenium - binary; rhenium-ternary 
Tungsten, tungsten-rhenium, rhenium 
A- 52082 
FIGURE 5- 1. CAPSULE DESIGNS FOR COMPATIBILITY BACK-UP O F  
PHYSICAL-PROPERTY TESTS 
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TABLE 5-3. SPECTROGRAPHIC ANALYSIS O F  THE BINARY AND 
TERNARY COMPOSITIONS AFTER HOT PRESSING 
Analysis(a1, ppm 
Impurity 3Be0-2MgO 4Be0-Mg0-A1203 
Iron 3 00 200 
Silicon 3 00 300 
Aluminum -- M 
Copper <lOT 20 
Titanium 70 100 
Calcium 3 00 
Molybdenum <10T 
200 
30 
Tungs ten N N 
(a) M = major component; 
N = not detected; 
T = t r ace .  
After loading the oxides, A T J  graphite, and meta l  pellets in the des i r ed  a r range-  
ments ,  shown in F igure  5-1, the capsules were sealed by electron-beam welding. 
During the testing in argon, notched end plugs w e r e  used for  the binary and t e rna ry  
oxide capsules  to permi t  the argon atmosphere to f i l l  the inter ior  of the capsules.  
remaining capsules  of each oxide were  completely sealed under vacuum, using unnotched 
end plugs. 
The 
The tungsten compatibility support  capsules containing either binary o r  t e rna ry  
oxides for  the solid thermal-expansion, solid thermal-conductivity, and liquid thermal -  
expansion and conductivity tes t s  were  heat t reated in argon o r  under a vacuum according 
to the p a r a m e t e r s  outlined in Table 5-1. 
visually examined, longitudinally sectioned, and metallographically examined. Cur  - 
rently,  fabr icat ion and heat t reatment  of the tungsten-25 w / o  rhenium and rhenium 
capsules  containing binary and t e rna ry  oxides a r e  in  progress .  
After heat t reatment ,  the capsules  w e r e  
5.2.2 Experimental  Results 
5. 2. 2. 1 Compatibility Tes ts  for  the Preparat ion of Physical-  
P rope r ty  Specimens and Oxide Fusion 
Macros t ruc tures  of the binary and te rnary  oxide compositions melted in tungsten 
and tungsten-coated graphite crucibles  under e i ther  argon o r  vacuum are  shown in 
F igu re  5-2. 
that  the oxides did not c rawl  up o r  extensively wet  the tungsten walls. F igures  5-2(b) 
and (d) revealed that identical oxide compositions melted under a vacuum a tmosphere  
exhibited extensive wetting and crawling action along the walls of the crucible.  These 
observat ions indicate that the wetting angle of the molten oxide is largely determined by 
Figures  5-2(a) and (c) a re  typical of samples  melted under argon and revea l  
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2x As Polished RM435 1 5  
(a) Binary Melted Under Argon 
Tungsten Crucible .  
2x As Polished RM44916 
(c) Binary Melted Under Argon Tungsten-  
Coated Graphite Crucible. 
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2x 
2x As Polished RM43517 
(b) Ternary Melted Under Vacuum 
Tungsten Crucible. 
RM449 18 As Polished 
(d) Ternary  Mel ted  Under Vacuum Tungsten-  
Coated  Graphi te  Crucible. 
FIGURE 5-2. MACROSTRUCTURES OF BINARY AND TERNARY OXIDES MELTED IN TUNCX"'EN 
AND TUNGSTEN-COATED GRAPHlTE CRUCIBLES UNDER ARGON OR VACUUM 
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. the relative iner tness  of the ambient atmosphere. As the wetting angle of the oxides on 
tungsten under argon appears  to be somewhat l a rge r  than that under vacuum conditions, 
the crawling effect is a l te red  considerably by the introduction of argon. 
The specimens melted in argon a r e  solid in appearance,  while those melted in 
vacuum contained la rge  pores  a s  can be  seen in F igure  5-2(b). 
these specimens indicate that essentially no "crawling" was observed when either the 
binary or  te rnary  compositions were  melted under 1 a t m  of argon in the tungsten o r  
tungsten-coated graphite crucibles. 
oxide melts  was detected when melted 'in identical crucibles under vacuum. 
Observations made on 
On the other hand, significant "crawling" of the two 
Metallography of the binary and ternary compositions af ter  melting in tungsten 
crucibles under argon and vacuum, respectively, i s  shown in F igure  5-3. F igure  5-3(a) 
shows the cent ra l  portion of the binary melt, containing a slight amount of porosity, and 
grains  containing a typical eutectic structure. F igure  5-3(b) represents  the cent ra l  por- 
tion of the te rnary  melt  which reveals a pr imary phase dispersed in a te rnary  eutectic 
network. 
pullout result ing f r o m  metallographic preparation. 
tungsten-binary and te rnary  oxide interfaces. The lamellar  binary grains ,  typical of 
a eutectic s t ruc ture ,  and the te rnary  oxide show no micros t ruc tura l  evidence of g ross  
chemical reactivity with the tungsten. The roughening effect of the tungsten resul ted 
during sample preparation and not f r o m  chemical reaction with the melted oxide com- 
positions. 
to  examine for oxide contamination in the tungsten pores  adjacent to the interface and 
a l so  for  tungsten in the oxides. 
crucibles o r  vice versa .  The g r a y  mater ia l  in  F igures  5-3(c) and (d) at the interface 
is mounting material .  
The dark  voids in the s t ruc ture  represent  porosity, c racks  and par t ic le  
F igures  5-3(c) and (d) show typical 
Polarized light was used in the metallographic examination of these samples  
Results revealed no presence of oxides in the tungsten 
Micros t ruc tures  of the binary and ternary oxides melted in tungsten-coated 
graphite crucibles  were  a l so  examined. The tungsten coatings were  applied to the 
graphite by plasma-arc  deposition, consequently the coatings were  not fully dense. 
As will  be noted, the oxides infiltrated the porous tungsten during melting. 
of the infiltration and ra ther  poor containment, the plasma-sprayed tungsten coatings 
were  not considered acceptable for processing the oxides. 
se rved  during the melting of both the binary and te rnary  oxides in both the tungsten and 
tungsten-coated ATJ  graphite crucibles.  
Because 
Some outgassing was ob- 
5. 2. 2. 2 Back-up Compatibility Tes ts  for  Physical- 
P rope r ty  Determinations 
Metallographic examinations w e r e  conducted on the heat-treated inary anc t e r -  
n a r y  compatibility couples which support the solid thermal-expansion tes ts .  
samples  w e r e  heated a t  5 C per  min to the desired testing temperature ,  held for 1 h r ,  
and furnace cooled. F igure  5-4(a) shows a section of the A T J  graphite in contact with 
both the tungsten b a r r i e r  mater ia l  and the vapor-deposited tungsten tubing. Note the 
carbide layer  formed, the thickness of which, for the different capsules,  averaged l e s s  
than 0. 001 in. 
faces  a f te r  heat t reatment  in argon and vacuum atmospheres ,  respectively,  to 1800 C 
a t  5 C per  min,  held 1 hr ,  and furnace cooled. 
ternary-tungsten ( b a r r i e r )  interfaces after heating to 1700 C and holding at tempera-  
t u r e  for  1 h r  under argon and vacuum, respectively, 
min  was used. 
The 
Figures  5-4(b) and (c )  represent  the binary-tungsten ( b a r r i e r )  inter-  
F igures  5-4(d) and (e )  show the 
Again, a heating r a t e  of 5 C per  
The oxides in these figures a r e  dark  a s  the resu l t  of the heavy etching 
B A T T E L L E  M E M O R I A L  I N S T I T U T E  
I1 
lOOX As Polished RM43523 
(a) 3Be0-2MgO Melted Under Argon 
Spec imen 4 8  from the cent ra l  portion of 
t h e  m e l t  is shown here. 
I 
4 
150X Etched RM43689 
(c) (3BeO-2MgO)-Tungsten Melted Under Argon 
The oxide-tungsten interface of 
Specimen 48 is shown here. 
& 
~ * *  
RM43 518 lOOX As Polished 
(b) 4Be0-MgO-A1203 Melted Under Vacuum 
Specimen 8A from the cent ra l  portion o f  
t h e  m e l t  is shown here. 
. .  . ._ .. * .  
150X As Polished RM43690 
(d) (4Be0-MgO-A1203)-Tungsten Melted Under Vacuum 
T h e  oxide-tungsten interface of 
S p e c i m e n  8A is shown here. 
FIGURE 5-3. MICROSTRUCTURES OF THE BINARY AND TERNARY OXIDES AFTER MELTING 
UNDER ARGON AND VACUUM, RESPECTIVELY, IN TUNGSTEN CRUCIBLES 
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. -. required to bring out the presence of oxides in  the tungsten. As can be seen, no 
evidence of chemical incompatibility is detected metallographically between the hot- 
p ressed  binary and te rnary  oxides and tungsten regard less  of atmosphere.  Results of 
these tes t s  prove that a 0. 001-in, -thick tungsten b a r r i e r  layer  between the oxides and 
the ATJ graphite push rods will  prevent any graphite-oxide reactions during the mea-  
surements  under either argon o r  vacuum atmospheres.  
i 
I 
Metallographic examination of binary and te rnary  oxide-tungsten couples, heat 
t reated in argon and vacuum, in support of solid and liquid thermal  expansion and con- 
ductivity tes t s ,  a r e  current ly  in progress ,  Pre l iminary  metallographic observations of 
the heat-treated couples indicate no gross  chemical reactions between the tungsten and 
the binary and te rnary  oxides. Figure 5-5 represents  a te rnary  oxide-tungsten couple 
a f t e r  heat t reatment  at 2000 C for  5 h r  under vacuum. F igures  5-5(a) and (b) show the 
te rnary  eutectic network, containing a pr imary phase, a t  the tungsten interface with no 
metallographic evidence of chemical incompatibility. The gray ma te r i a l  at the interface 
in these figures is mounting ma te r i a l  and the angular par t ic les  seen in F igure  5-5(b) 
a r e  S i c  par t ic les  picked up during the metallographic preparation. 
I 
I 
I 
I 
1 
I A sample of the binary oxide pellet used in  a tungsten capsule, heat t reated to 
2125 C for 5 h r ,  was spectrographically analyzed for  possible tungsten pickup not 
detected by metallographic techniques. Results indicate the tungsten increased f r o m  
0 to  2000 ppm with the heat  treatment.  The amount of tungsten pickup suggests a 
solubility of the tungsten in the molten oxide ra ther  than a g ross  chemical reaction. 
Work is current ly  in progress  to obtain data for  tungsten-25 w / o  rhenium and rhenium- 
I 
I 
I 
I oxide couples. 
1 
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a. After 1800 C Heat Treatment  
ATJ graphite i n  contact with the tungsten 
b a r r i e r  and vapor-deposited tungsten 
tubing is shown here .  
was 10 pa r t s  lact ic  acid, 10 pa r t s  HN03, 
and 10 p a r t s  HF. 
The etchant used 
250X Etched RM44732 
b. After 1800 C Heat Treatment  Under 
Argon 
3BeO-2MgO-tungsten (barrier)  interface 
is shown here.  The etchant used was 
10 p a r t s  lactic acid, 10 pa r t s  HN03, and 
10 p a r t s  HF. 
250X Etched RM44730 
c. After 1800 C Heat Treatment  Under 
Vacuum 
3BeO-2MgO-tungsten ( b a r r i e r )  interface 
is shown here.  The etchant used was 
10 pa r t s  lactic acid, 10 pa r t s  HN03, and 
10 pa r t s  HF. 
250X Etched RM4472 1 
FIGURE 5-4. MICROSTRUCTURES O F  3BeO-2MgO AND 4BeO-MgO-Al203-TUNGSTEN 
(BARRIER)-ATJ GRAPHITE COUPLES IN SUPPORT O F  SOLID 
THERMAL EXPANSION TESTS 
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I , 
250X Etched RM4476 6 
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d. After 1700 C Heat Treatment Under 
Argon 
4B e 0  -MgO -A1203 -tungs ten (ba r r i e r )  in- 
terface is shown here.  The etchant used 
was 30 par t s  lactic acid, 10 par ts  " 0 3 ,  
and 10 pa r t s  HF. 
e. After 1700 C Heat Treatment Under 
Vacuum 
4B eO-MgO-Al203 -tungs ten (ba r r i e r  ) in- 
terface is shown here.  The etchant used 
w a s  30 par ts  lactic acid, 10 par t s  HN03, 
and 10 par t s  HF. 
250X Etched RM44754 
FIGURE 5-4. (CONTINUED) 
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25 OX Etched RM45664 
a. 4B e 0  -M gO-Al20 3 -Tungs ten Inte rfac e 
500X Etched RM45665 
b. 4BeO-MgO-Al203-Tungsten Interface 
FIGURE 5 -5. MICROS TRUC TU RES O F  4B e0-Mg0-A1203 - TUNGSTEN COU PLES 
AFTER HEAT TREATMENT A T  2000 c FOR 5 HR UNDER VACUUM 
The etchant used w a s  30 pa r t s  lact ic  acid, 10 pa r t s  "03, and 
10 pa r t s  HF. 
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SECTION 6 .0  SUMMARY AND RECOMMENDATIONS 
I1 
After a thorough survey of commercial  ma te r i a l s  available,  Brush  Beryll ium 
(BeO), Morton Chemical (MgO) and Republic Foi l  (A1203) w e r e  selected a s  suppl iers  of 
the required oxide mater ia ls .  
Three  techniques were  utilized in  the fabrication of the t e s t  specimens: 
(1) P res s ing  and sintering 
(2)  P r e s s u r e  casting 
(3)  Hot pressing. 
The different specimens fabricated by these techniques w e r e  identical in all aspec ts  
with the exception of the micros t ruc tures  and the density in the case  of the p re s sed  and 
s in te red  slugs. 
The t e s t  specimens were  ground to  the des i red  dimensions and ultrasonically 
Lm- 
cleaned. 
impurity content, and micros t ruc ture  before they w e r e  submitted for  testing. 
mediately following the tes ts ,  the specimens w e r e  recharac te r ized  in  a n  identical 
manner.  
They w e r e  then character ized with respec t  to density, chemical  composition, i 
Concurrent  with the specimen fabrication, compatibility support  t es t s  were  con- 
I 
ducted to a id  in the selection of mater ia l s  f o r  use  in specimen fabrication and the design 
and construction of the testing equipment, 
The binary and te rnary  oxides w e r e  melted in tungsten crucibles  under both argon 
and vacuum and their  melting behavior studied. Various compatibility couples w e r e  
assembled  and the oxide tested against  tungsten, rhenium, and tungsten-25 w / o  rhenium 
for  the conditions of t ime and tempera ture  which simulated actual  testing conditions. 
Evaluations of the various tes t s  were  conducted by metallographic techniques and 
in some c a s e s  spectrographic analysis ,  
As a r e su l t  of the mater ia l s  support  studies conducted to date,  the following con- 
clusions have been made: 
(1) All  fabrication and/or  testing which involves melting of either oxide 
material should be conducted under a n  a rgon  atmosphere in order  t o  
minimize the effects of wetting and "crawling". 
(2)  F u l l y  dense specimens of either oxide ma te r i a l  can  be  fabricated by 
e i ther  the pressure-cast ing or hot-pressing technique. 
( 3 )  On the bas is  of metallographic evidence, there  does not appear  to be a 
g r o s s  chemical  reaction between tungsten o r  tungsten-coated mater ia l  
by ei ther  of the oxides in the liquid o r  solid state.  
(4) The oxides do have some solubility fo r  tungsten when in the liquid s ta te  
as indicated by compatibility and posttest spectrographic  analysis of 
the mater ia l s .  
B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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A 0,001-in. -thick b a r r i e r  layer  of tungsten is sufficient to  prevent any 
reaction between the oxides and the graphite push rods during thermal -  
expansion testing over the tempera ture  range and for  the t imes  involved 
in the solid thermal  expansion. 
Neither of the oxides in the solid f o r m  appears  to reac t  with tungsten a t  
the time and tempera ture  conditions of in te res t  to  the testing program. 
The fact  that some outgassing occurs  during melting of these oxides sug- 
gests  that the ma te r i a l  should be fused before encapsulation into a sealed 
container as will be the case  in a working system. 
On the basis of studies to date,  two major  problem a r e a s  re la ted to application of 
(1) fabrication of la rge  fused-oxide these mater ia ls  in sys tem devices become evident: 
bodies, and ( 2 )  compatibility with container mater ia l s  under operating conditions. 
It is recommended that fur ther  consideration be given to the fabrication of full- 
sca le  fused-oxide bodies. Even though comparable densit ies have been achieved by 
solid-state hot pressing,  it is felt that  adsorbed gases  wil l  lead to  container fa i lure  
under operating conditions. 
*It  is postulated that rhenium or tungsten-25 w/o rhenium 
B A T T E L L E  M E  
~ 
The compatibility support  studies have indicated that the oxides a r e  compatible 
However, the solubility of tungsten 
with tungsten to the extent that thermophysical property data obtained will  not be in- 
fluenced by interaction with container mater ia l s .  
and /o r  molybdenum:: observed in the liquid oxides presents  a new problem when consid- 
erat ion is given to  actual  operation of a TES device. The solubility change of the con- 
ta iner  mater ia l  in the oxide with temperature  provides a mechanism for  mass t r ans fe r  
of the soluble species under the influence of a tempera ture  gradient. 
device will not only be subjected to  thermal  cycling but will, a t  all t imes,  operate  
under the influence of a tempera ture  gradient in the s a m e  direction, i. e . ,  the heat input 
end will  always be  hot ter  than the u s e r  end. 
be performed under predicted operating conditions before u s e  of these mater ia l s  in a 
TES- thermionic s v s  tem. 
An actual  TES 
It is  recommended that compatibility t e s t s  
will also 
M O R  
-~ 
show some 
I A L  
solubility. 
I N S T  
These tests a re  in progress. 
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VOLUME I11 
THERMOPHYSICAL PROPERTIES OF 
3Be0-2Mg0 AND 4BeO-MgO-Al203 
SECTION 1.0 INTRODUCTION 
I 
I There  a r e  cer ta in  thermophysical propert ies  of potential TES ma te r i a l s  that must 
be determined before fur ther  consideration of these mater ia l s  for  application and before 
meaningful design of thermal  energy storage-thermionic systems.  
phase of the program i s  to accurately determine these propert ies  for  both 3Be0-2Mg0 
and 4BeO-MgO-Al203. 
The object of this 
The propert ies  of interest  include: enthalpy and heat of fusion, thermal  expansion, 
thermal  conductivity, compositional stability, and phase equilibria. Wetting ability, 
viscosity, and surface tension were  considered only qualitatively, on the basis  of ob- 
servat ions and evaluations of other tests.  
physical propert ies  in themselves,  two other re la ted studies were  undertaken. 
include (1) emittance and absorptance of potential container mater ia l s  and ( 2 )  the 
development of a mathematical  model for heat- t ransfer  analysis.  
Although not under the category of thermo- 
These 
Enthalpy and heat of fusion, density, and thermal  conductivity a r e  all fac tors  that 
influence the heat t ranspor t  through a device and a r e  obviously propert ies  that mus t  be 
determined. 
data exis ts  since severa l  past  capsule failures were  tentatively associated with solid- 
liquid expansion of the TES mater ia l s ;  the allowable f i l l  percentage must  be determined. 
Compositional stability studies a r e  designed to indicate possible changes result ing 
f r o m  extended use of a TES device, while phase equilibria studies will define phase 
boundaries and transformation temperatures  of the two oxides and s imi la r  information 
on other compositions in the BeO-MgO-Al203 system. 
In addition, an  immediate requirement for thermal-expansion (density) 
B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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SECTION 2 .0  THERMAL EXPANSION I 
2. 1 Objectives 
The objectives of this phase of the program were  to obtain thermal-expansion data 
on both 3Be0-2Mg0 and 4BeO-MgO-Al203. The tempera ture  range covered included 
the solid-liquid transformation of both oxides, i. e . ,  -180 to 2030 C. An attempt was 
made to analytically predict  the thermal-expansion charac te r i s t ics  pr ior  to experi-  
mental  measurements ,  F r o m  this experimental data the following information was 
determined: volumetric change versus  temperature ,  density change versus  tempera ture ,  
and thermal-expansion coefficients a t  various tempera tures .  
I 
I 
I 
2. 2 Analytical Studies I 
By the proper  use of existing theories i t  is possible to  es t imate  the 
thermochemical-property data of the mater ia l s  of interest  to the TES program,  
eve r ,  in any analytical t reatment  of thermophysical propert ies  of complex mater ia l s  i t  
i s  necessa ry  to  make  some assumptions as to the nature  of the micros t ruc ture ,  
a l so  necessary ,  of course,  to co r rec t  any false  assumptions as m o r e  information is 
made  available. 
l ine in assess ing  the validity of experimental data. 
How- 
It is 
Nevertheless,  theoretical  calculations can se rve  as a valuable guide- 
I 
I 
I 
In all of the calculations relating to the TES mater ia l ,  the assumption has  been 
made  that these oxides solidify as simple eutectic sys tems with none of the phases  
showing appreciable mutual solubility and with no p re fe r r ed  orientation o r  macro-  
segregation occurring. F o r  the 3Be0-2Mg0 ma te r i a l  these assumptions proved to be 
valid. For the 4BeO-MgO-Al203 mater ia l  the ma jo r  difficulty in the analytical t reat-  
ment  has  come about because of the apparent existence of a wide melting range ra ther  I 
2. 2. 1 Sources  and Evaluation of Data 
Many of the data reported in the l i terature  a r e  es t imated values. An attempt 
has  been made  to use experimental  data where available ra ther  than repeat  es t imated 
values f r o m  the l i terature .  Thermal-expansion data on the pure  oxides (MgO, Al2O3, 
and BeO) w e r e  taken f r o m  the 1961 edition of Handbook of Thermophysical Proper t ies ,  
published by The Macmillan Company. The data a r e  compilations of the work of many 
au thors  but there  appear to be no major  discrepancies.  
4BeO-MgO-Al203 a r e  f r o m  "J. Res .  Natl. Bur .  Std. ' I ,  - 36, pp 277-312, and appear  
to  be reliable.  
I 
I 
I Data on thermal  expansion of 
Entropies  of fusion a r e  calculated f rom the relationship 
and the re fo re  a r e  dependent both upon melting-point data (Tf)  and heat  of fusion (AHf) 
data. The heat  of fusion for  B e 0  was determined only by the Soviet workers ,  Kandyba, 
I 
I ~ A T T E L L E  M E M O R I A L  I N S T I T U T E  
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e t  al., and reported in "Dokl. Akad. Nauk SSSR" 131 (3), pp 566-567 (March, 1960). 
The melting point, 2820 K, used by these authors appears  to be in reasonable agree-  
ment  with work reported in "Natl. Bur. Std., Monograph 68". The heat of fusion and 
melting point of A1203 were  a l so  reported by Kandyba and co-workers and reported in 
"Ukr. Fiz .  Zh. 'I, 7, pp 205-10 (1962). Heat of fusion for MgO is a n  estimated value as 
calculated by K. K. Kelley and reported in "Bureau of Mines Bulletin 393". 
point of MgO was obtained f r o m  "Natl. Bur.  S t d . ,  Monograph 68". The melting point of 
3Be0-2MgO and 4BeO-MgO-Al203 were  obtained f rom studies reported in Section 3.2 
on phase diagrams. 
* A 
' -  
The melting 
Modulus-of-rigidity data were  obtained f rom the Battelle compilation, Refractory 
Ceramics  for Aerospace. 
2. 2.2 Theoretical  Treatment  and Results 
Over a number of years  a n  empir ical  relation has  been developed for  estimating 
the thermal  expansion of solids consisting of m o r e  than one phase. 
expressed as: 
The relationship is 
where a is the coefficient of expansion, V is the volume fraction, and K is the bulk 
modulus. 
not available; however, in this case  values of 20 x 106 p s i  for B e 0  and 10 x 106 p s i  for  
MgO were  obtained f rom the l i t e ra ture .  
for  the 3Be0- 2Mg0 mater ia l  compared with experimental  resul ts  (Section 2 .  3 .  2)  for  the 
binary and l i terature  data for  MgO and BeO. The predicted and actual resu l t s  a r e  
quite close except a t  high temperatures ,  for which bulk-modulus data a r e  not available, 
The subscripts represent  components 1 and 2. Bulk-modulus data often a r e  
F igure  2-1 shows the resul ts  of the calculations 
Similar calculations were  not made for the 4BeO-MgO-Al203 mater ia l  since data 
a re  available in the l i terature .  
data obtained on this program is shown in F igure  2-2. 
Comparison of l i t e ra ture  values with experimental  
The estimation which is of most  interest  on this program is that of volume change 
upon melting. 
than that of the solid because the theories of fusion a lmost  invariably require  that in- 
dividual atoms or  molecules be fa r ther  apart .  In the case  of meta ls  with spherical  
a toms,  this situation resul ts  in a l a r g e r  volume in the liquid; for  semimetals  such as  
germanium where complex packing occurs  in the solid because of covalent bonding, a 
volume decrease can occur upon melting. 
In general ,  i t  is expected that the volume of the liquid will be g rea t e r  
The volume change is closely related to entropy changes and in most  ca ses  the 
ma jo r  entropy change occurs  because of volume changes. F o r  the TES mater ia l s  it has  
been assumed that all entropy change is associated with entropy of mixing (change f r o m  
a two-phase system to a single-phase solution) and entropy of volume change. 
entropy of solution can be estimated by assuming a n  ideal solution, in  which case  
The 
ASmix = -R[N, lnN, t N2lnN2 t . . . . . . - 1  , 
2 - 3  
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FIGURE 2-  1. CALCULATED THERMAL EXPANSION COMPARED WITH 
EXPERIMENTAL RESULTS FOR 3Be0-2Mg0 AND 
LITERATURE DATA FOR MgO AND B e 0  
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. . where S is entropy, R is the gas content, and N is the mole fraction of the particular 
component. 
for  the 4BeO-MgO-Al203 mater ia l  ASmix i s  1. 72 entropy units pe r  mole. 
the total entropy of fusion equal to the sum of the entropy of melting of the individual 
oxides t imes the mole fraction in the mater ia l ,  
F o r  the 3Be0-2Mg0 mater ia l  A s m i x  = 1 .  33 entropy units per  mole and 
By assuming I 
E 
J 
the entropy of fusion for 3Be0-2Mg0 is found to be 5. 62 entropy units pe r  mole. By 
subtracting the entropy of mixing, AS(Expansion) (3Be0-2Mg0) is calculated as 5. 62 
entropy units per  mole, and AS(Expansion) (4BeO-MgO-Al203) is calculated as 5. 62 
I 
I 
I 
I entropy units pe r  mole. 
Compilation of experimental  data on many substances has  suggested that the 
value - A v  should be a constant. F r o m  the text by J. C. Slater., Introduction to Chemical 
A S  
Physics ,  one can obtain the simple equation 
I ( is andT E where AV is the change in volume, (g) is the compressibil i ty,  T 
the the rma l  expansion. Using the A S ( E ~ ~ ~ ~ ~ ~ ~ ~ )  values l is ted above and estimated 
values f o r  compressibil i ty and thermal  expansion, a volume expansion of 25. 6 per  cent 
is calculated for  3BeO-2MgO compared to a measured  value of 23.8 per  cent and a 
volume expansion of 30 per  cent was calculated for the 4BeO-MgO-Al203 mater ia l  
compared to  the measured  value of about 21 pe r  cent. 
I 
I 
2. 2. 3 Reevaluation After Experimental  Studies 
A s  indicated by the resu l t s  given above, no refinement in the theoretical  approach 
I 
I is required for calculating the thermal  expansion of the solid mater ia ls .  
With r ega rd  to the binary liquid-solid volume changes, the resu l t s  of the calcu- 
F o r  the te rnary  the lations a r e  in suprisingly good agreement  with measured  values. 
resu l t s  of the calculation a r e  in e r r o r  pr imari ly  because of the lack of a sharp  melting 
point; i. e . ,  in the region where most  of the volume change occurred,  the entropy of 
melting was  found to be much lower than would be predicted for  a s imple te rnary  
e ut ec  tic. 
1 
I 
I 
I 
F o r  these  calculations compressibility was assumed to be a volume function of the 
individual compr e s  sibilities o r  bulk-modulus data and the coefficient of thermal  ex- 
pansion was  obtained as previously discussed. 
Additional refinements can be made as phase-diagram data become available. 
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The experimental studies covered in this subsection were  directed toward de- 
termination of thermal-expansion character is t ics  of both solid and liquid phases of the 
two oxides over the temperature  range f rom -180 C to approximately 2030 C. 
melting points were considered to be approximately 1870 C for the 3Be0-2Mg0, and 
approximately 1750 C f o r  the 4BeO-MgO-Al203. 
required for  the design of containment vessels.  
The 
Data f rom this investigation a r e  
2. 3. 1 Description of Equipment and Experimental  Techniques 
Measurements of the solid mater ia l  were  made in dilatometers wherein the 
l inear  expansions with temperature  of cylindrically shaped specimens were  determined. 
F r o m  these data i t  was possible to compute the change in density with temperature .  
Thermal-expansion data on the liquid phases were  generated with a pycnometer, 
which was used to determine densit ies of the oxides a t  various levels above their  
melting points. Descriptions of the apparatus and techniques employed follow. 
2. 3. 1. 1 Solid-state Thermal  Expansion 
Linear thermal-expansion data were  generated using two di la tometers  to cover 
two temperature  ranges,  
elevated temperatures  were  conducted in a recording dilatometer,  shown schematically 
in F igure  2-3. 
tu re  (2) in a molybdenum-wound res i s tance  furnace (4).  Molybdenum radiation baffles 
(5) a r e  used to  shield the molybdenum furnace f r o m  the water-cooled vacuum chamber 
(6). 
the specimens a r e  separated f rom the graphite by tungsten foil. 
of the specimen causes  a displacement of components of the s t ructure .  
ment i s  transmitted through the s t ruc ture  to a lever  sys tem in the cool zone which is 
used to magnify the specimen expansion. 
sys tem and displayed on the y-axis of an  x-y recorder .  
measured  by calibrated tungsten-5 w/o  rhenium vs  tungsten-26 w / o  rhenium thermo- 
couples i s  displayed on the x-axis of the recorder .  
specimen a r e  regulated by a programmed tempera ture  control sys tem a t  the ra te  of 
5 C per  min. 
Measurements f rom room temperature  to  the designated 
In this dilatometer the specimen (1) is supported on a graphite s t ruc-  
The graphite s t ruc ture  is suspended f rom a quartz  support (3). In this application 
Thermal  expansion 
This displace- 
This expansion is measured  by a t ransducer  
The specimen temperature ,  
The heating and cooling r a t e s  of the 
Continuous curves were  drawn showing the expansion and contraction of the oxide 
specimens.  The dilatometer showed any permanent  change in length a t  room tem- 
pera ture  resulting f rom the experimental  thermal  cycle. 
determined by making pre-  and post-length measurements  using a P r a t t  & Whitney 
Electro- l imit  gage. 
5 x 10-4 mm of mercury.  
This length change was a l so  
Dilatometer measurements  were  made  in a vacuum of approximately 
Expansion measurements  between room tempera ture  and -180 C were  made in a 
manual quartz-tube dilatometer,  shown in the schematic  in F igure  2-4. 
in expansion between the specimen (1) and the quartz  tube (2)  was determined f r o m  the 
readings of a calibrated dial  indicator (6),  graduated in 0. 0001-in. divisions. The 
specimen temperature was measu red  with an attached, cal ibrated Chromel-Alumel 
thermocouple, 
air. 
The difference 
Liquid nitrogen was used to obtain -180 c. Measurements  were  made in  
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( 1 )  Specimen 
( 2  1 Graphite structure 
( 3  1 Quartz support 
( 4  1 Molybdenum resistance heater 
( 5 1 Molybdenum radiation shields 
( 6 )  Vacuum shell 
A -52028 
FIGURE 2-3 .  SCHEMATIC O F  A HIGH-TEMPERATURE DILATOMETER 
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Specimen 
Quartz tube and push rod 
Resistance heater 
lnsulat ion 
L iqu id- n i t rogen chamber 
Dial indicator 
,52029 
FIGURE 2-4. SCHEMATIC O F  A LOW-TEMPERATURE DILATOMETER 
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-. 2. 3. 1. 2 Liquid-State Thermal  Expansion 
111 
Several  experimental  techniques were considered for  determining the densit ies of 
the liquid oxides. 
principle, various hydrometer  techniques involving visual, X-ray, radioactive isotope, 
and capacitance readouts,  pressure-change and gas-volume-change techniques, liquid- 
level  change, ultrasonic techniques, and the pycnometer. The l a s t  method was se- 
lected because it has  the advantages of giving both d i rec t  and absolute measurements  
with a minimum of dependence on related factors.  The pycnometer technique involves 
removal  of a measu red  volume of liquid from the mel t  to a zone wherein i t  can f r eeze  
and subsequently be weighed. The liquid density at the removal  tempera ture  can then 
be computed direct ly ,  
These  included the float-balance method utilizing Archimedes '  
F igure  2-5 is a drawing of the pycnometer designed fo r  this program. It utilizes 
four cups for  sampling; each is supported in a f ramework  f r o m  which i t  can easi ly  be 
removed and which is manipulated remotely on a tube through'a sliding vacuum sea l  a t  
the top header  of the vessel .  The l id  of each cup i s  s imi la r ly  and separately operated 
f rom a universal-joint-attached rod through the tube. 
oxides were  ei ther  tungsten or ,  in the cases  of the tubes used a s  thermocouple wells 
and manipulators for  the cups, tungsten-coated molybdenum. This  la t te r  improvision 
was  necessa ry  because tungsten tubing of the required s izes  was not available within 
the p rogram schedule. 
All pa r t s  in contact with the 
' 
The oxides were  contained in a 50-mil-wall tungsten l iner  inside the tantalum 
can  shown in F igure  2-5. 
rhenium thermocouples a t  various ver t ical  positions within and above the melt .  Heat 
was supplied by a tantalum element surrounding the tantalum can; the element in turn 
was surrounded by a s e r i e s  of radiation baffles. 
through water-cooled te rmina ls ,  vacuum sealed into opposite s ides  of the overa l l  
containment vessel .  
apparatus.  
The central  thermocouple tube sheathed th ree  tungsten- 
Power to the element was supplied 
Evacuation facil i t ies were  provided for both chambers  of the 
F i g u r e  2-6 i s  a photograph of the pycnometer and associated apparatus.  Only one 
of the pycnometer-cup manipulator tubes is shown in this view. 
top header  with one pycnometer-cup assembly and the thermocouple tube. 
but par t ia l ly  obscured by the manipulator tube, i s  a quartz-capped tube with m i r r o r  
attached f o r  making optical pyrometer  measurements  of the oxide temperature .  
evacuation l ine,  with i t s  connection to the thermocouple tube, is a l s o  shown. 
F igure  2-7 shows the 
Also shown, 
The 
F igu re  2-8 is a n  inter ior  view of the overal l  containment vesse l  with l a rge  header 
removed, showing pa r t s  of the heater  element, baffles, and power terminals .  
F igure  2-9 shows the hea ter  element. 
of tantalum welded between 50-mil-thick s t r ips  of tantalum a t  both ends. 
and guard-heater effect was achieved by cutting "windows" al ternately in the two foils 
through the ver t ica l  region of the oxide melt. 
study was completed,  and shows the effects of slight overheating in one a rea .  
This unit was fabricated of two 5-mil-thick sheets  
A hot-zone 
This  photograph was made af te r  the 
The procedure utilized for  making liquid-density determinations of the binary and 
t e rna ry  oxides was a s  follows: 
(1)  Specially prepared:: cylindrical  slugs of the oxide specimens were  
heated under vacuum (10-5-Torr range) to approximately 1500 C in the 
pycnometer apparatus.  
Osee Volume 11, Section 2 . 0 .  
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FIGURE 2-5. PYCNOMETER ASSEMBLY 
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Legend for Pycnometer-Assembly Drawing 
Identification Mater ia l  
Pycnometer  cup 
Cap handle 
Support di s k 
Liner  
Yoke 
P in  
Support tube 
Cap rod 
Secondary container 
Transit ion 
Powe r terminal  
Support rod 
Heater element (lug) 
Boss 
Insulator 
Insulator 
Vacuum chamber 
Header 
Header 
Flange 
Chamber bottom 
Tube 
Vacuum coupling 
Cap 
Tungsten 
Tung s ten 
Tungsten 
Tungsten-coated molybdenum 
Tungsten 
Tung st en-coated molybdenum 
Tungsten 
Tungsten-coated molybdenum 
Tungsten-coated molybdenum 
Tantalum 
Type 304 s ta inless  s teel  
Copper 
Tungsten 
Tantalum 
Type 304 s ta inless  s teel  
Teflon 
Teflon 
Type 304 s ta inless  s teel  
Type 304 s ta inless  s teel  
Type 304 s ta inless  steel 
Type 304 s ta inless  s teel  
Type 304 s ta inless  s teel  
Type 304 s ta inless  s teel  
B r a s s  
FIGURE 2-5.  (CONTINUED) 
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FIGURE 2 - 7 .  VIEW O F  TOP HEADER O F  PYCNOMETER, SHOWING 
ONE O F  THE CUPS AND THE THERMOCOUPLE TUBE 
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FIGURE 2-8. VIEW O F  PYCNOMETER CHAMBER SHOWING FURNACE SECTION 
WITH ELEMENT, BAFFLES, AND TERMINALS 
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FIGURE 2-9 .  HEATER ELEMENT USED IN PYCNOMETER 
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( 2 )  At approximately 1500 C, argon was admitted to the apparatus up 
to about 1-atm p res su re  to reduce the potential f o r  the oxides to crawl 
up the walls of the containment vessel .  
(3) The oxide was then heated to the des i red  temperature ,  the pycnometer 
cup immersed, and the temperature  allowed to stabil ize,  
(4) After temperature  stabilization, the pycnometer-cup l id was closed, 
and the cup was removed f r o m  the mel t  and ra i sed  to a low-temperature 
zone f o r  cooling. 
(5) After complete cooldown, the sample was removed f rom the cup, 
weighed, X-rayed, and photographed. 
(6) The cup volume a t  removal temperature  was computed, based on 
its room- temperature  volume and thermal- expansioi? propert ies .  
This  permitted a direct  computation of the sample density. 
F ive  samples of the binary oxide were  successfully removed in the approximate 
tempera ture  range f rom 1930 to 2050 C. 
oxide has  a fairly well-defined phase change a t  approximately 1870 C. F igure  2-10 
shows two views of these specimens af ter  removal f rom the cups; the major  information 
he re  i s  that  the oxides filled the cups completely and that the capping technique was 
satisfactory.  Figure 2-11 shows an X-ray view of these same samples ,  with prominent 
inter ior  void formations which occurred  on freezing, The re  were  no problems with 
crawling by this oxide, and the outside surfaces  of the pycnometer cups had no adhering 
deposits af ter  removal f rom the mel t  and freezing. In general ,  no par t icular  problems 
were  experienced insofar a s  handling of the binary oxide in the pycnometer was 
concerned. 
Recorded tempera ture  data indicated that this 
The ternary oxide presented a significant problem since i t  does not have a unique 
solid-to-liquid phase change temperature .  Recorded tempera tures  indicated a major  
thermal  a r r e s t  a t  about 1720 C, and another,  l e s s  definite a r r e s t  in the range f rom 
1850 to 1950 C. 
2000 C resulted in broken o r  twisted containment baskets,  and the lo s s  of two cups into 
the oxide. Four samples  were  removed successfully, but one of these was judged to be 
unreliable because unnatural voids were  evident in the X-ray. 
sample was removed a t  over 2125 C,  and there  was some evidence that not all of the 
oxide was liquid at this temperature .  
the melt  in the a r e a  f rom which the cup was withdrawn. 
Attempts to i m m e r s e  the pycnometer cups a t  t empera tures  below about 
The highest-temperature 
A depression was evident in the frozen surface of 
F igure  2-12 shows two views of the four t e rna ry  specimens,  again i l lustrating the 
degree of f i l l ing  of the cups. The X - r a y  view of these samples ,  F igure  2-13, shows 
the a r e a s  of questionable void formation in the lowest tempera ture  specimen, and 
seems  to show that the other three a r e  normal.  
not all the mater ia l  was in the liquid s ta te  a t  the removal  tempera ture  must  be 
considered. 
As indicated above, the possibility that 
N o  crawling problems were experienced with the t e rna ry  oxide. 
i 
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FIGURE 2-10. TWO VIEWS O F  THE 3BeO-2MgO PYCNOMETER 
SAMPLES AFTER REMOVAL FROM THE CUPS 
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FIGURE 2-1 1. X-RAY VIEWS O F  THE 3Be0-2Mg0 PYCNOMETER SAMPLES 
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FIGURE 2-12 .  TWO VIEWS O F  THE 4BeO-MgO-Al203 PYCNOMETER 
SAMPLES ON REMOVAL FROM THE CUPS 
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FIGURE 2-13. X-RAY VLEWS OF THE 4BeO-MgO-Al203 
PYCNOMETER SAMPLES 
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Density values were  calculated from the relative-volume data and the room- 
tempera ture  density of the specimens measured. 
culated f rom i ts  physical dimensions and weight. 
of an i r regular  pipe in one end, was measured by the immers ion  technique using carbon 
tetrachloride.  
follows : 
The density of the binary was cal- 
The density of the ternary,  because 
The expression used to calculate the density at temperature  is as 
where 
pT = Density at temperature ,  g per cm3 
po = Density a t  room temperature,  g pe r  cm3 
Re1 Vo = Relative volume a t  room temperature,  cm3 
I Re1 VT = Relative volume a t  temperature,  cm3 . 
I 
1 
Table 2-1 shows the density values for the binary and t e rna ry  oxides. F igure  2-14 
shows the density-vs-temperature curves  for the binary and t e rna ry  oxides. 
, The relative volumes of the specimens measured  were  calculated f rom the 
thermal-expansion measurements  using the following expression: 
Re1 VT = Re1 Vo (1 t A l ) 3  , 
where 
I Re1 VT = relative volume a t  temperature,  cm3 
Re1 Vo = relative volume a t  room temperature,  c m  3 
A1 = l inear  thermal  expansion, in. pe r  in. 
Table 2-2 shows the relative volumes for the binary and t e rna ry  oxides. 
2. 3.2. 2 Liquid Thermal  Expansion i 
A. 3Be0-2MgO 
Table  2-3 shows the experimental  data on the density of liquid 3Be0-2Mg0. Also 
shown a r e  values for  intermediate temperatures taken f rom a line plotted through the 
experimental  points. F igure  2-15 
shows the plot of these data, and also the higher-temperature solid data for  comparison. 
The ver t ica l  band indicating the liquidus region i s  an approximate location of this 
region; no at tempt  was made to locate it precisely in this specific study. 
This line was fitted by the least-squares  method. I 
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FIGURE 2-15. HIGH-TEMPERATURE DENSITY VALUES FOR 3BeO-2Mg0 
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TABLE 2-1. DENSITY VALUES FOR THE SOLID BINARY AND 
TERNARY OXIDES 
Temperature ,  Density, g pe r  cm3 
C 3Be0-2Mg0 4BeO-MgO-Al203 
- 180 
- 150 
-100 
-50 
0 
20 
200 
400 
600 
800 
1000 
1200 
1400 
1600 
1700 
1 747(a) 
1750 
1800(a) 
1872(a) -- 
(a) Extrapolated. 
TABLE 2-2. RELATIVE VOLUMES FOR THE BINARY AND 
TERNARY SOLID OXIDES 
Temperature ,  Relative Volume, crn3 
C 3Be0-2Mg0 4BeO-MgO-Al203 
-180 0. 9971 0.9972 
- 150 0.9974 0.9975 
0 0.9996 0.9997 
20 1.0000 1.0000 
600 1 . 0 1 6 ~  1.0128 
800 1.0232 1.0181 
1000 1.0306 1.0239 
1200 1. 0379 1. 0301 
1400 1. 0456 1.0366 
1600 1. 0534 1.0437 
1700 1. 0574 1. 0473 
1 747(a) -- 1. 0491 
-100 0. 9980 0. 9982 
-50 0. 9988 0.9988 
200 1.0042 1.0034 
400 1.0099 1. 0079 
1750 1. 0595 -- 
1800(a) 1.0615 - -  
1872(a) 1. 0646 -- 
(a) Extrapolated. 
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TABLE 2-3. DENSITY VALUES FOR LIQUID 3Be0-2MgO I 
T emp e r a tur  e, Density, g p e r  c m 3  Specific Volume, 
C Measured F r o m  Curve cm3 p e r  g 
1900 
1932 
1950 
1952 
1962 
2000 
2005 
2 045 
2050 
2100 
-- 
2.468 
2.442 
2.447 
-- 
2.453 
2.432 
2.461 
2.453 
-- 0.406 
0.408 
-- 
-- 
-- 
0.409 -- 
- -  
0.410 
0.411 
The  data show that the density of the binary reduces f r o m  approximately 3. 05 g 
p e r  c m 3  a t  1850 C (solid) to approximately 2. 46 g pe r  cm3 at 1900 C (liquid). 
specific-volume change through this temperature-phase change is f r o m  0. 328 to  0.406 
c m 3  p e r  g, for  a volume increase  of 23. 8 per cent. 
(0. 308 c m 3  pe r  g) t o  1900 C is 31. 8 p e r  cent. 
The 
The volume increase  f r o m  20 C 
On the bas is  of the l ine drawn through these data, it is possible to es t imate  a 
tempera ture  coefficient of volume expansion for  the binary liquid in  the tempera ture  
range examined. The specific volume increases  f r o m  0.406 cm3  p e r  g at 1900 C to  
0.411 c m 3  p e r  g a t  2100 C, o r  25 x 10-6 cm3/(g) (C) .  
Density values for  this oxide composition were  determined in the temperature  
range f r o m  2000 to  2125 C. 
phase-change tempera ture ,  although some melting was evident a t  approximately 
1720 C. Density values for  the four samples removed successfully a r e  given in 
Table  2-4, which a l so  l i s t s  interpolated values based on a l ine connecting the three  
rel iable  points. The  lowest tempera ture  value is not reliable because of i ts  X-ray 
appearance,  as indicated previously. 
high-temperature  solid-state data, The  wide ver t ical  band between represents  the 
range over  which i t  was not possible to take pycnometer samples  because the oxide was 
par t ly  solid o r  slushy. 
A s  indicated above, this composition does not have a unique 
Figure 2-16 is a plot of these data, along with 
The  da ta  in F igu re  2-16 a r e  connected with a dashed instead of a solid l ine because 
This is suggested it is possible  that the relationship is actually not l inear  in this region. 
because of the relatively s teep slope indicated, and the slushy behavior of the oxide in  
this region. It is evident, however, that the specific volume of this t e rna ry  increases  
f r o m  about 0. 386 cm3  pe r  g a t  2000 C to about 0. 397 cm3 pe r  g a t  2150 C. At 1700 C, 
where  the en t i re  oxide appears  to be solid, the specific volume is about 0. 319 cm3 
p e r  g, compared  with 0. 305 c m  These  values give volume increases  
of 21.0 p e r  cent in going f r o m  1700 to  2000 C, and 26.6 per  cent in going f r o m  room 
tempera tu re  to 2000 C. 
of phase probably was not complete at 2125 C,  and therefore  that the total  volume 
change assoc ia ted  with a complete phase change could not be determined. 
design l imitations prevented measurements  above about 2125 C. 
3 pe r  g a t  20 C. 
In considering these values,  i t  mus t  be recal led that the change 
Apparatus 
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i Measured I 
I Temp.,C g/cc 
i i I 2008 2.472 1 
2012 2.5g0 
2 107 2.52, 
2.54, 1 I 2128 
3.4 
3.2 
3.0 
2.2 
2.0 
FIGURE 2-16. HIGH-TEMPERATURE DENSITY VALUES FOR 4Be0-Mg0-A1203 
I .  
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TABLE 2-4. DENSITY VALUES FOR 
LIQUID 4B e 0- MgO-Al2 0 3  
I ; ,  
I 
I 
I 
I 
I 
Tempera ture ,  Density, g p e r  cm3 Specific Volume, 
C Measured F r o m  Curve c m 3  p e r  g 
2000 -- 2.59 0. 386 
2008 2. 
2012 2. 590 - -  -- 
2050 -- 2. 57 0.389 
2100 
2107 2. 526 -- -- 
2128 2.544 -- -- 
-- -- 
-- 2. 54 0.394 
I 2. 3.2. 3 Density vs  Tempera ture  
F igu re  2- 17 shows the experimentally determined density-temperature relation- 
ship for  3Be0-2Mg0; F igure  2- 18 shows the corresponding relationship for  4Be0-  
MgO-Al203. 
per imental ly  determined points for  the two oxides, 
Table 2-5 shows interpolated data  f r o m  curves drawn through the ex- 
TABLE 2-5. DENSITIES OF THE SOLID AND LIQUID PHASES OF 
E 
3Be0-2Mg0 AND 4BeO-MgO-Al203 
T empe r a tu r  e, Density, g p e r  cm 3 
C 3Be0-2Mg0 4Be0-Mg0-A1203 
- 180 
-100 
0 
200 
400 
600 
800 
1000 
1200 
1400 
1600 
1700 
1750 
1800 
1900 
2000 
2100 
-- 
2.59 
2.54 
2. 3. 2.4 Volume vs Tempera ture  
F i g u r e s  2- 19 and 2-20 show volume-temperature relationships for  the two oxides, 
computed f r o m  the experimental  density data. 
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2. 3. 2. 5 Thermal-Expansion Coefficient 
Mean-linear-thermal- expansion coefficients were  calculated f rom the l inear- 
expansion values using the expression 
where 
- 
a = mean-linear-thermal-expansion coefficients, in. / ( in .  ) (C)  
A I T  = expansion a t  temperature ,  in. pe r  in. 
A l o  = expansion a t  room temperature ,  in. per  in. 
T = temperature,  C 
Tables  2-6 and 2-7 show the mean-linear-thermal-expansion coefficients and the pe r  
cent expansion, respectively, for  the solid binary and t e rna ry  oxides. 
shows the pe r  cent expansion vs. temperature  for  the solid binary and t e rna ry  oxides. 
F igure  2-21 
No serious attempt was made to establish a tempera ture  coefficient of liquid- 
phase expansion because the temperature  range covered i s  relatively short .  
binary oxide, the relationship indicated by the data (i. e . ,  an  increase  of approximately 
25 x 
believed to be reliable. 
F o r  the 
cm3/(g) (C)  with increased temperature  in the range f r o m  1900 to 2100 C)  is 
2. 4 Discussion of Results and Conclusions 
2. 4. 1 Solid-Oxide Density Data 
The dilatometer measurements  of solid-oxide thermal  expansions permit ted com- 
The length data were  plotted continuously putation of density changes with temperature .  
with time as the temperature  was raised,  then lowered, at a uniform rate .  They 
formed a smooth, near ly  straight curve for both the binary and t e rna ry  oxides, and 
there  were  no indications of any transformations.  
The shapes of the density-temperature curves  appear  to be quite reasonable f o r  
Curves describing the the rma l  expansion of many other mixed mater ia l s  of this type. 
oxides a r e  quite s imi la r  by comparison. 
Since all values other than those a t  room tempera ture  a r e  re la t ive to the room- 
tempera ture  dimensions, the data a r e  dependent on the accuracy  with which the room- 
tempera ture  measurements were  made. F o r  these oxides, the room-temperature  
densit ies were determined by both weighing and measur ing  the machined specimens,  
and by liquid-immersion displacement techniques. In the case  of the binary, both 
measurements  agreed  a t  3.25 g per  cm3, which is 100 pe r  cent of the theoretical  
density. 
theoretical ,  while by the immers ion  method it was 3. 28 g per  cm3. 
was caused by a sma l l  pipe in the specimen. 
F o r  the ternary,  the measured  value was 3.  27  g pe r  cm3, o r  99.8 pe r  cent of 
This  difference 
These  measurements  confirm the accuracy 
I 
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TABLE 2-6. MEAN-LINEAR-THERMAL-EXPANSION 
COEFFICIENTS FOR THE BINARY AND 
TERNARY OXIDES 
T empe rat ur e 
20 - (-180) 4. 8 4 . 7  
20 - (-100) 5. 5 5 . 1  
20 - (-50) 5. 9 5. 3 
2 0  - 100 7. 1 5 . 9  
2 0  - 200 7. 8 6. 3 
20 - 400 8. 7 6. 9 
20 - 600 9. 3 7 . 3  
20 - 800 9. 9 7. 7 
20 - 1000 10. 3 8. 1 
20 - 1200 10. 6 8 . 4  
20 - 1400 10. 9 8. 7 
20 - 1600 11 .1  9 .1  
20 - 1700 11 .2  9. 2 
9. 3 20 - 1747(a) - -  
20 - 1750 1 1 . 3  -- 
20 - 1800(a) 1 1 . 3  - -  
20 - 1872(a) 1 1 . 4  -- 
Coefficients (z), 106 in. /( in.  )(c) 
Range, C 3Be0-2Mg0 4BeO-MgO-Al203 
20 - (-150) 5. 1 4. 8 
(a) Extrapolated. 
TABLE 2-7. LINEAR-EXPANSION VALUES FOR THE BINARY 
AND TERNARY OXIDES 
T emp e r at u r  e ,  Expansion, p e r  cent 
C 3BeO-2Mg0 4BeO-MgO-Al203 
-180 -0. 096 -0. 093 
-150 -0.  087 -0.  082 
-100 -0. 066 -0.  061 
0 -0.012 -0.015 
200 0. 140 0. 113 
400 0. 330 0. 262 
600 0.539 0.425 
800 0. 768 0. 600 
1200 1.249 0 .993  
1400 1.497 1.205 
1600 1. 750 1.435 
1700 1.880 1 .553  
1 747(a) - -  1. 609 
1750 1.947 - -  
1800(a) 2.011 -- 
1872(a) 2. i o 8  
-50 -0. 041 -0.  040 
20 0 0 
1000 1.010 0. 790 
- -  
(a) Extrapolated. 
B A T T E L L €  M E M O R I A L  I N S T I T U T E  
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- of the room-temperature values and reinforce the accuracy of all other values which 
a r e  dependent on them. 
2.4. 2 Liquid Thermal  Expansion 
2.4.2.  1 3Be0-2Mg0 
F o r  this binary oxide, the resu l t s  presented above a r e  believed to be quite 
reliable. 
only a very slight temperature  dependence, and the striking s imilar i ty  of each in the 
X-ray views, gives credence to the data for all five samples .  
fitted to these data has  a reasonable slope. Since the liquid-phase data cover a rela-  
tively shor t  temperature  range, the computation of a thermal-expansion coefficient does 
not appear to be justified. A s  indicated above, however, the volume expansion in the 
1900 to 2100 C range appears  to be l inear with temperature  a t  about 25 x 
The fact  that  each of the samples was similar in appearance and weight, with 
The least-squares  curve 
cm3/(g)(C).  
The values given for  thermal  expansion through the phase change a r e  a l so  be- 
lieved to be quite reliable, p r imar i ly  again because the expansions in both solid and 
liquid phases a r e  relatively insensitive to temperature  change over regions nar row 
enough to have the benefit of severa l  experimental data points. 
2 . 4 . 2 . 2  4BeO-MgO-Al203 
Although the data generate'd for  this te rnary  oxide a r e  believed to be quite re -  
l iable within the limits indicated in the above presentation, this composition does not 
have the unique melting-point characterist ic of a eutectic and therefore is of question- 
able value for  the TES application. Treatment of the heat-transfer problem alone in a 
relatively wide temperature  region of melting phenomena would be extremely compli- 
cated. 
changes, and problems associated with homogeniety a l so  mus t  be considered. F o r  
these reasons,  in addition to those difficulties encountered during the experimental  
procedures ,  fur ther  work with this oxide does not appear  to be justified. 
Compatibilities of various constituents with apparatus components during phase 
The shape of a curve through the data points is not cer ta in  because of the slushy 
behavior of the oxide in  the temperature  region examined. 
dashed line which has  a relatively steep slope, compared to that of the binary oxide. 
A s  suggested above, the temperature  region examined might have been one in which 
phase change of some constituent of the composition was taking place, and therefore  
the relationship probably would not be a straight line. This  implies that although the 
data points themselves  a r e  fa i r ly  reliable, the percentage volume change on phase 
change of the ent i re  composition might be greater  than the values given for  tempera-  
t u r e s  up to 2125 C .  
It i s  represented as a 
B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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2 .4 .  3 Estimated Accuracy of Results 
2. 4. 3. 1 Solid Thermal Expansion 
The thermal-expansion data f rom which density values were  computed a r e  quite 
reliable.  All thermal-expansion data were  generated in di la tometers ,  and, in the 
case  of the temperature  range f rom room tempera ture  to near  the melting points, 
recorded continuously. 
expansion measurements  because of i t s  simplicity and accuracy.  
The dilatometer is used almost  exclusively for making thermal-  
The accuracy with which any dilatometer can differentiate between expansion of 
the specimen and the specimen-holding devices must  be considered in evaluating e r r o r  
possibil i t ies.  
t empera ture  range of in te res t  with a standard molybdenum specimen inser ted.  
the thermal-expansion propert ies  of this element a r e  known a tcura te ly ,  the charac-  
t e r i s t i c s  of the specimen-holding devices during this run were  determined. 
formation was utilized during the thermal-  expansion runs with the oxide specimens,  
thereby cancelling out all systemic e r r o r s .  
In this case,  the instrument was calibrated by running it through the 
Since 
This  in- 
The pr imary source of e r r o r  in data generated in these dilatometer measurements  
i s  that as sociated with temperature  measurement .  
were  used; their accuracy i s  given as *2 per  cent f rom absolute. This  means that, for 
example, the density value given for  3Be0-2Mg0 a t  1500 C, 3. 099 g per  cm3, could in 
real i ty  be 3. 096 g per cm3 for  the t 2 per  cent ca se  (35 C higher),  o r  3. 102 g per  cm3 
for  the -2 per  cent case.  
specific-volume value) of *O. 1 per cent. 
e r r o r  in these measurements .  It a l so  i s  considered to be conservative because the 
tempera tures  indicated by the cal ibrated thermocouples were  c loser  than *2 per  cent 
of absolute when checked by optical-pyrometer measurements .  
Tung sten- rhenium thermocouples 
This amounts to a difference in density value (and a l so  
This is considered to be the major  potential 
This relatively small  e r r o r  percentage emphasizes the fact  that the oxide 
densit ies a r e  rather insensitive to moderate  tempera ture  changes in the solid phase.  
2. 4. 3. 2 Liquid Thermal  Expansion 
T h e r e  a re  three principal sources  of e r r o r  associated with pycnometer density 
measurements  as descr ibed for this  application. 
of the sample,  determination of the pycnometer-cup volume a t  room tempera ture ,  and 
determination of the thermal-expansion proper t ies  of the pycnometer cup. 
cussion of each follows. 
These a r e  tempera ture  measurement  
A dis-  
A. Temperature  Measurement 
Temperatures  of the oxides and pycnometer CUPS at the t imes of sampling were  
measu red  by tungsten-5 w / o  rhenium vs tungsten-26 w / o  rhenium thermocouples 
located on the axis  of the containment vesse l .  
insulated with B e 0  inside the 1 /4-in.  -d iameter  thermocouple tube. 
were  a t  two vertical  levels below the liquid-oxide level,  and one above. 
The wi re s  were  5 mi ls  in d iameter ,  
Junction locations 
2- 37 111 
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The thermocouples were  calibrated, and have a quoted guaranteed accuracy of 
*2 per  cent in the tempera ture  range of interest .  The temperatures  were  recorded on 
potentiometric instruments  which, in turn, were  calibrated before and af ter  use. A 
check on thermocouple accuracy was afforded by comparative readings with a n  optical 
pyrometer  through a mirror-window system in the header of the apparatus.  These 
readings, with appropriate correct ions f o r  the m i r r o r  sys tem (by calibration), were  in 
excellent agreement  (within *15 C) with the thermocouple-.indicated values. Therefore ,  
the assumption that the thermocouple values are  reasonably accurate  appears  justified. 
The volume which each of the cups w i l l  contain a t  room temperature  was de- 
F o r  total 
termined by filling each with a liquid, and weighing by difference. 
water  and mercury .  
volumes of about 4 cm3  per  cup, agreements ranged f r o m  * O .  15 per  cent to * O .  02 per  
cent for the various cups. 
Volume IV.  
The liquids were  
Agreement of results for  the two media was good. 
Details and specific values a r e  given in Appendix A in 
C.  Pycnometer-Cup Thermal  Expansion 
Variations of *2 pe r  cent in the thermocouples mean approximately *40 C for  the 
An inaccuracy of 40 C in temperature  measurement  can resul t  range of interest  here .  
in a variation f r o m  the above-reported liquid density (or specific volume) of approxi- 
mately 0. 2 per  cent for  the 3Be0-2Mg0, and approximately 1 per  cent for the 4Be0-  
MgO-Al203. These values a r e  conservative, however, because they do not take into 
account the presupposed temperature  inaccuracy in computing the sample volume. 
This correction, discussed below, will reduce these e r r o r  percentages.  
B. Pycnometer-Cup Volume a t  Room Tempera ture  
The  overal l  effect of these potential e r r o r s  on the experimentally determined 
densi t ies  of the oxides is i l lustrated in the sample computations given in Appendix B. 
These  values show that the overal l  accuracy of the data is on the order  of *1 per  cent 
or l e s s .  
examined. 
This  applies to data presented for both the binary and te rnary  oxides 
Two other sets  of conditions have a bearing on general  and particular accuracies  
of the resu l t s  presented. 
accurac ies  assigned to the thermocouples used in the pycnometer, for liquid-density 
measu remen t s ,  and the dilatometer,  for solid-density measurements ,  might have been 
off by the maximum amount in opposite directions, 
a small effect  on the data given for  phase-change volume expansions as  shown below: 
The f i r s t  of these is the possibility that the *2 per  cent 
This unlikely occurrence would have 
B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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Measured Densit ies Approximate Volume: * 
Tempera ture ,  With The rmoc ouple Expansion Range, 
Oxide C Accuracy, g pe r  cm3 p e r  cent 
3Be0-  2Mg0 1800 3. 064 f 0. 005 24-25 
1900 2.461 f 0. 006 
4BeO-MgO-Al203 1700 3. 133 f 0. 005 
2000 2. 595 f 0. 017 
20-22 
These  numbers a r e  real ly  of academic in te res t  only, however, because the 
thermocouples used in both the di la tometers  and the pycnometer,  in addition to  being 
cal ibrated before use, were  checked against  optical-pyrometer measurements  during 
use and found to be much c loser  than the nominal f 2  p e r  cent agreement .  Therefore ,  
the values presented initially a r e  considered accura te  within the f l  pe r  cent l imits .  
The  final point of consideration is the effect that container-metal  pickup by the 
liquid oxides might have on the i r  experimentally determined densit ies.  
interest  h e r e  is  the 2045 C sample of 3Be0-2Mg0 which, by spectrographic analysis  
a f te r  testing, contained 0 . 4  w/o  tungsten. 
mens  thus far examined; i t s  effect on the calculated density is to  change the value a t  
this temperature f r o m  2. 432 to  2. 424 g pe r  cm3, a change of 0. 35 pe r  cent. This  is 
within the accuracy l imi t s  ass igned to  the experimental  data and may  therefore  be 
considered insignificant as  far as density values a re  concerned. 
The c a s e  of 
This  is the highest  level  found in the speci- 
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SECTION 3 .0  PHASE- DIAGRAM STUDIES 
3. 1 Objective 
The objective of this  program is to evaluate the BeO-MgO and BeO-MgO-A1203 
phase diagrams f rom a theoret ical  and practical  viewpoint, using data available in the 
l i t e ra ture  as well as data obtained by experimentation. 
prising the liquidus- solidus transformations associated with 3Be0- 2Mg0 and 4Be0- 
MgO-Al203 and their  near  compositions a re  of pr ime importance.  
Fea tu res  of the diagrams com- 
3. 2 Analytical Studies 
3. 2. 1 Sources and Evaluation of Data 
The BeO-MgO system was  first studied by von Wartenberg in 1932(3-A) and again 
in  1937(3-B) using the pyrometric- cone technique. 
he w a s  able to roughly define the liquidus shape and determine the eutectic composition 
and tempe rat ur  e. 
Through th is  qualitative technique 
According to the melting studies conducted to date,  1872 C appears  to be fa i r ly  
close to  the eutectic tempera ture  while the 3Be0-2Mg0 composition is the eutectic 
composition. 
been constructed,  
On the bas i s  of these observations, a hypothetical phase diagram has 
This d iagram is i l lustrated in F igure  3- 1. 
The d iagram of the BeO-MgO-Al203 system shown in F igure  3-2 i s  that of Geller 
Several  omissions a r e  evident on the d iagram,  such 
e t  al. (3-c) and was  studied by the same pyrometric-cone technique used by von 
Wartenberg on the binary system. 
as the compound BeO- 3A1203; however, the composition 4BeO-MgO-Al203 does lie on 
the pseudobinary tie line existing between B e 0  and MgO-A1203 (spinel). 
This  being the case ,  one can construct a hypothetical c ross -  sectional pseudobinary 
phase d i ag ram for  this  system. This diagram is shown in F igure  3-3. 
3. 2. 2 Theoret ical  Treatment  and Results 
Methods of calculating heats  of fusion f rom freezing-point data a r e  well known 
and have been descr ibed in detail  by K. K. Kelley in "Bureau of Mines Bulletin 393". 
In the case  of the BeO-MgO sys tem,  the heat of fusion and the melting point of B e 0  a r e  
known to a reasonable  degree of accuracy and the heat of fusion of MgO has been 
est imated in  the reference l is ted above from the MgO-Zr02 system. 
these  data and the assumption of a simple eutectic sys tem for  MgO-BeO, a phase 
d iagram can be calculated. 
With the use  of 
Use i s  made of the standard equations: 
P 
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where AH is the heat of fusion, N is the mole fraction in the mel t ,  N' is the mole frac- 
tion in the f i r s t  solid formed,  T is temperature ,  and R i s  the universal  g a s  constant. 
N 1 -AH Assuming ideal behavior,  plots of In NC vs - should be s t ra ight  l ines with slopes of T R .  
Calculations made on this  bas i s  indicate that the eutectic composition should be 
3BeO-2Mg0, but the predicted melting point appears  to  be about 200 C too high (2100 C). 
A s  more  thermochemical data became available refined calculation based on 
minimum free-energy expressions will be made. 
3. 3 Experimental  Studies 
Experimental  studies wil l  consist of studying the two systems of in te res t  by both 
the differential-thermal-analysis technique and the cooling- curve technique. 
The BeO-MgO binary system will be studied f i r s t  and should be the s implest  of 
the two sys tems.  
the five planned DTA and cooling-curve t races  which w i l l  be obtained. 
will  be made if  necessary.  
up to a tempera ture  of 2200 C. 
up to  the known melting points of B e 0  (2550 C )  and MgO (2800 C). 
The ver t ical  l ines shown in F igure  3-1 in the a r e a  of the eutectic a r e  
Additional runs 
With these compositions the liquidus curve will be defined 
The remaining portion of the curve wil l  be extrapolated 
The t e r n a r y  diagram presents  a somewhat more  difficult problem than does the 
On the bas i s  of what i s  known of the d iagram and what has  been observed on binary. 
this p rogram to date ,  it does not appear that the 4BeO-MgO-Al203 composition i s  a 
eutectic composition o r  a compound having a definite melting point. 
f rom F igures  3-2 and 3-3 that this  is a very complex system; however, it can be 
readi ly  studied since much of the diagram lies below the 2200 C limit of the equipment 
descr ibed in the following section. 
It can be seen 
In a n  attempt to  bet ter  descr ibe the melting behavior of the t e rna ry  composition, 
samples  have been encapsulated in 1/8-in.  -diameter  molybdenum tubing and a r e  being 
heat t r ea t ed  for  var ious t imes  at selected temperatures ,  then quenched into a molten- 
t in bath. These specimens will be examined by metallography and possible X-ray dif- 
f ract ion on one o r  two selected specimens.  
knowledge of this  composition in support of the future study. 
This i s  being done to gain some immediate 
The first 6-month period has  been devoted to the design and construction of the 
DTA apparatus  and equipment. 
differential  t empera ture  with tungsten-5 w / o  rhenium vs tungsten-26 w / o  rhenium 
thermocouples ,  s eve ra l  t r i a l  runs have been made on the known 3Be0-2Mg0 eutectic 
composition utilizing an existing vacuum furnace. 
required a considerable amount of bending to f i t  into this  existing furnace,  an undue 
amount of mechanical fa i lure  was  experienced. 
In an  attempt to  ver i fy  the decision to measu re  the 
Since the thermocouple wire  
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Because the DTA apparatus has  been especially designed for  thermocouple use 
and wi l l  not require any bending of the wi re ,  a final trial run w i l l  be  conducted to  coin- 
cide with the calibration of the equipment. 
During the unsuccessful trial runs it has  been noted that no thermocouple- 
specimen compatibility problems a r e  apparent. 
3. 3. 1 Description of Equipment and Experimental  Techniques 
The trial runs made to date were  conducted in an NRC high-temperature furnace.  
A specimen of the 3Be0-2Mg0 composition was  contained in a tungsten crucible as was  
a standard of A1203 
zone to  achieve uniform heating and cooling ra tes .  
tungsten-5 w/o  rhenium ve r sus  tungsten-26 w/o  rhenium w a s  beaded and placed beside 
the crucibles  f o r  a tempera ture  record.  
on a GE recorder  with a 50-mv full- scale  reading and a 1- s e c  response t ime.  
more  thermocouples were  positioned to bring one bead in contact with the 3Be0-2Mg0 
and the other  bead in contact with the Al2O3. The two tungsten-5 w/o  rhenium legs  of 
the thermocouples were connected to  each other  while the two tungsten-26 w / o  rhenium 
leads were  connected to  another GE reco rde r  with a 1-sec response t ime.  
recorder  will  give off a m v  reading only when ei ther  the specimen o r  the s tandard,  
AlZ03,  a r e  at different temperatures .  Since A1203 has  no phase t ransi t ions in the 
1500 to  2000 C range,  any readings on the r eco rde r  should correspond to the specimen 
changes. 
The two crucibles  were  placed in the center of the furnace hot 
One thermocouple consisting of 
The output of this  thermocouple w a s  picked up 
Two 
This  last 
The DTA apparatus  shown in F igure  3-4 consis ts  of an  NRC heating-element 
assembly surrounded by a Battelle-built vacuum system. The heating element is 
tungsten, approximately 2. 5 in. in diameter  by 3-in. high, and of the one-sided hang 
variety. 
cooled copper container and cover ,  and a coaxial water-cooled power lead. 
vacuum system is approximately 10 in. in d iameter  by 10-in. high and is constructed 
of copper. 
backed up by a 3/4-in. roughing pump. The vacuum sys tem is a l so  equipped with a 
multithermocouple feed-through, thermocouple vacuum gage, inert-gas inlet ,  and a 2-in.- 
diameter  sight port. The la rge  sight port  wi l l  be necessary  in the event that an optical 
technique must be utilized fo r  determining the differential  data. 
through a step-down t ransformer  connected to  a powerstat  fo r  manual power control. 
The same recorders  that were  used for  the trial runs  wi l l  be used. 
The heating- element assembly  includes molybdenum radiation shields,  water- 
The 
A 2-in. diffusion pump that en te r s  the sys tem through a b r a s s  elbow is 
Power is supplied 
3. 4 Discussion of Results and Conclusions -
Since the experimental  phase of this  p rogram to date has  consisted of designing 
and building the DTA apparatus ,  no r e su l t s ,  o ther  than the fact  that  the construction of 
the furnace  has been completed, can be reported.  
The following 6-month period will resolve much of the phase-diagram controversy 
through the use of the DTA technique. 
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difficult; however, entropies and heat capacities can be estimated with some degree of 
reliability. 
4. 2. 1 Sources and Evaluation of Data 
I11 
SECTION 4. 0 ENTHALPY AND H E A T O F  FUSION - 
I 4. 1 Objectives 
A most  important property of any thermal-energy s torage ma te r i a l  i s  its latent 
heat of t ransformation and the temperature range over  which it may be expected to  
occur.  
energy s torage ma te r i a l  as a function of temperature .  
The objective of this  phase of the program is to evaluate the heat content of the 
4. 2 Analytical Studies 
The estimations a r e  based on empirical  ru l e s  which have been established by a 
grea t  number of observations.  
Metallurgical Thermochemistry by Kubaschewski and Evans. 
substances employed in this  program were obtained f rom Bulletins 584 and 592 of the 
Bureau of Mines and the JANAF tables.  
A summary of such procedures  is found in Chapter 3 of 
Heat capacity of the pure 
4. 2. 2 Theoret ical  Treatment  and Results 
As  previously s ta ted,  heat capacities can be est imated with some degree of preci-  
sion if they a r e  known in the neighborhood of room temperature .  
t u re  value is assumed to hold and a value of 7. 25 cal/(g-atom)(deg) is assigned to the 
heat capacity at the f i r s t  transit ion.  
heat-capacity equation pe r  mole can be derived: 
The room-tempera- 
By applying this  analysis to the binary solid, a 
Cp E 8. 28 + 0. 00292T cal/(mole)(deg) . (4- 1) 
0 . 2 6 7  + 9 .4  1 0 - 5 ~  caU(g)(deg) . (4- 2 )  cP 
After  being divided by 32, the equation per  g becomes 
A s  w i l l  be  seen  l a t e r  on, this  is in good agreement with the experimental  equation. 
content, of course ,  is obtained by integrating the heat capacity equation. 
Heat 
In the liquid s ta te  no such rules  exist  although a value of 7. 5 cal/(g-atom)(deg) is a 
reasonable  es t imate .  
Experimental ly ,  the value is somewhat higher than this. 
Use of this quantity would lead to a Cp p e r  g of about 0. 48. 
A similar analysis of the te rnary  gives the equation per  g: 
cP = 0.212 + 1.37 1 0 - 4 ~  . 
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. -  Integration of this equation yields 
(4- 4 )  
(4- 5 )  
AH = 1 CpdT = 0. 212T t 6. 85 x 10- 5 2  T t C 
HT - H2q8 = 0. 212T t 6. 85 x &T2 - 69. 8 
At 1800 K the above equation yields 533. 7 cal  pe r  g for  the heat content of the ternary.  
Experimentally,  the empir ica l  curve gives 530 cal per  g; hence, the agreement  is quite 
good. 
The entropy of fusion p e r  g-atom will l ie  between 2. 2 and 3. 5 for  almost all 
conceivable mater ia ls .  
of meta ls  while the higher value per ta ins  to a coordination-type latt ice of the CdC12 
type. 
units p e r  mole to the entropy of fusion; the BeO, 5. 6 entropy units; and the Al2O3, 11. 3 
units. Using the above values ,  the entropy of fusion pe r  g for  the binary would be 
0. 186 cal/(g)(deg),  and f o r  the t e rna ry ,  0. 164 cal/(g)(deg). 
would give heats of fusion of 400 cal per  g and 328 cal  pe r  g for  the binary and t e rna ry ,  
respectively.  The experimental  binary value is writ ten 10 pe r  cent of the above value,  
but the t e rna ry  composition has  no single defined melting point; hence,  such a value 
as above cannot be direct ly  compared. 
The lower value corresponds to  the shared-type bonding typical 
On the basis of s t ruc ture  considerations,  the MgO should contribute 6. 0 entropy 
These values for  entropy 
4. 2. 3 Reevaluation After Experimental  Studies 
F o r  expression of enthalpy on specific heat over  an extended range of tempera tures  
use must  be made of the genera l  heat-content equation of Maier and K e l l e ~ ( ~ - ~ ) .  
equation is 
This  
HT - H298 = a T  t bT2 t c T - l  t d . (4- 6)  
This equation can be utilized with low-temperature heat capacity and heat- content re la-  
tionships to  yield an  equation valid over  an extended range of tempera tures .  
graphical method of S h ~ m a t e ( ~ - ~ )  i s  generally employed. 
mar i zed  by the following outline: 
The 
The method can be sum- 
cp,298. 15 = a t 596,30b - C 
(298. 15)2 
? (4- 8)  
0 298. 15a t (298. 15)2b t 298. 15 t d  . (4- 9)  
Multiplication of Equation (4- 7 )  by 298. 15, followed by subtraction of Equation 
(4 -9 )  leads  to 
298. 15cp,298. 15 = (298. 15)2b - 2c - d . 
298. 15 
(4- 10) 
Substitution in Equation (4-7) of  the values of d f r o m  Equation (4- 10) and the value of 
"all f rom Equation (4-8) gives 
. .  
o r  
o r  
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HT - H ~ 9 8 .  15 = [T2 - 596. 30T + (298. 15)2]b+[ T 
(298. 15)2 298. 15 T 
(4- 12) 
HT - H298. 15 = (T - 298. 15)2b [(T-298* 15)2] C + cp,298. 15 (T - 298. 15) . (4- 13) 
(298. 15)2T 
Transposing the last t e r m  of Equation (4- 13) and multiplying throughout by 
‘F I 
( T  - 298. 15)2 ’ 
(4- 14) 
The function on the left side of Equation (4- 14) is evaluated f o r  each measured  
The best  high-temperature heat-content value and the resu l t s  a r e  plotted against  T. 
s t ra ight  l ine is drawn and the following relations hold for  the constants in Equation 
(4- 6 ) :  
b = slope of l ine 
r yo = ordinate intercept of line (value of function a t  T = 0)  C 
(298. 15)2 
and 
d = (298. 15)2b - 298. 15Cp,298. 15 - 596. 30y0 . 
The above procedure has  been employed in computing the heat content of the binary solid 
mater ia l .  
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4. 3 Experimental Studies 
4. 3. 1 Description of Equipment and Experimental  T chnique 
The calor imeter  is of the adiabatic copper-block design with replaceable 
refractory-metal  i n se r t s  f o r  use when it is being utilized as a drop  ca lor imeter .  
Tempera ture  changes in the ca lor imeter  a r e  sensed by a ten-element thermopile and 
the signal fed to a Keithly model 150 A microvolt  ammete r  operating as a voltage 
amplifier.  
Northrup CAT controller r eco rde r  coupled to a fast-acting silicon- controlled rect i f ier  
of 2. 2-kva output power which supplies the compensating power to the Manganin-wound 
adiabatic shield. 
change in res is tance of a YSI precis ion the rmis to r  which has  a tempera ture  coefficient 
of res is t ivi ty  of 60 ohms pe r  C. The thermis tor  is utilized in a bridge circui t  with two 
1000-ohm ESI standard r e s i s to r s  and a Kohlraush bridge. 
pedance of the circuit ,  a Leeds and Northrup d i rec t -cur ren t  null detector is utilized 
in place of a galvanometer. 
0. 001 C ,  although this  precision i s  ordinar i ly  not employed during high-temperature 
drop  work because problems of tempera ture  measurement  and uniformity and radiative 
heat l o s ses  a r e  limiting fac tors  in the accuracy of the measurements .  
The amplified signal of temperature  unbalance then goes to  a Leeds and 
The tempera ture  r i s e  of the ca lor imeter  block is determined by the 
Because of the high im- 
The precis ion of the temperature-measuring bridge is 
A hea ter  coil is built into the calor imeter  so that d i rec t  e lec t r ica l  calibration can 
be made, thus eliminating the necessity fo r  running known mater ia l s .  
platinum- rhenium thermocouple calibrated against  a NBS thermometer  can be em- 
ployed to  determine the tempera ture  r i s e .  
is given in F i g u r e  4- 1. 
In addition, a 
A photograph of the complete ca lor imeter  
4. 3. 2 Experimental Results 
4. 3. 2. 1 Enthalpy vs. Temperature  
Experimentally, a s e r i e s  of determinations of both the binary and t e r n a r y  com- 
positions have beenmade over  a tempera ture  range f r o m  1100 to  2500 K. 
binary,  both tungsten and molybdenum containers w e r e  employed with no difference in 
the heat- content values for  the oxides. Also, additional determinations were  made on 
the changes in the solidus range a f te r  it had been held molten fo r  a combined t ime of 
20 hr .  
f o r  the binary solidus is given by 
F o r  the 
The same functional dependence on tempera ture  was  obtained. The heat content 
(4- 15) 5 2  3 HT - H298 x 0.283T -I- 4. 54 x 10- T + 6. 9 x 10 T - l  - 112 . 
when calculated by the method outlined in Section 4. 2. 3. 
The above equation is plotted in F igure  4-2 and the experimental  values a r e  shown. 
F o r  the liquidus, the equation 
HT - H298 = 0.95T - 970 ca l  pe r  g (4- 16) 
f i ts  the data to about 2350 K. 
s teeper  than w a s  predicted and considerable c a r e  was  expended in assur ing  that t he rma l  
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FIGURE 4-1. COMPLETE CALORIMETER 
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equilibrium had been reached in  the two lowest tempera ture  determinations in  the 
liquidus. 
hence, it is believed that these  a r e  equilibrium values. 
The change was  equilibrated at tempera ture  for  4 h r  p r io r  to being dropped; 
Work on the t e r n a r y  liquidus composition is still underway. Data obtained to  
date indicate that there  may be three  distinct t ransformations occurr ing above 1950 K, 
ra ther  than one simple melting point. 
4. 3.2. 2 Heat of Fusion 
Subtraction of Equation (4-15) f rom Equation (4-16) yields 370 ca l  p e r  g as the 
heat of fusion. 
4.4 Discussion of Resul ts  and Conclusions 
The data obtained indicate that the binary material exhibits a heat of fusion of 
370 cal  p e r  g. 
indicates the width of the discontinuity at 2050 K between two curves which were  extrap- 
olated over  a short  t empera ture  range to 2050 K. 
sharp ,  well- defined discontinuities, but exhibit p remel t  phenomena below the melting 
point where defect production and a general  opening of the s t ruc ture  occurs .  
a te ly  above the melting point there  may be a remanence of o r d e r  and a n  appreciable 
quantity of nuclei present  so that a general  rounding of the enthalpy curve occurs .  The 
conclusion is reached that ra ther  than state a specific heat of fusion which i s  subject to 
the l imitations and definitions previously enumerated, the difference in heat content be- 
tween 2100 and 2300 K be considered. 
more  indicative of what might be realized in an actual  device. 
This value is somewhat dependent on the definition of heat of fusion and 
In general ,  melting points a r e  not 
Immedi- 
This quantity i s  535 cal  pe r  g and i s  possibly 
4.4. 1 Estimated Accuracy of Results 
The accuracy of the ca lor imeter  is cer ta inly 10 cal ,  while the precis ion is of the 
o r d e r  of 1 cal. 
t empera ture  measurements  in the range of t empera tures  employed in this  investigation. 
Limitations of about 10 cal occur  due to the uncertainty of *5 deg in  
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SECTION 5 .0  HEAT TRANSFER ANALYSIS 
5. 1 Obiectives 
I11 
The p r imary  purpose of this phase of the TES program is  to es tabl ish the feasibil-  
ity of a TES device by analytical  methods. 
vice i s  determined f rom a one-dimensional t rans ien t  heat- t ransfer  model containing a 
moving solid-liquid interface by means of a finite-difference digital-computer program.  
For  any given set  of boundary and initial conditions and TES mater ia l  the information 
provided by the computer program to describe the performance of a TES device i s  the 
position of the solid-liquid interface with respect to t ime,  the heat output f rom the de-  
vice with respect  to t ime,  and the temperature  history of the device. 
those TES mater ia l s  and conditions which do not yield a near ly  constant heat output f rom 
the device and do not maintain the temperature  of the emitting device of the thermionic 
generator  near  the melting temperature  of the TES ma te r i a l  can be eliminated f rom 
fur ther  consideration. A paramet r ic  variation can also be performed to determine the 
sensit ivity of performance to  different operating conditions. 
The hypothetical performance of a TES de-  
Presumably,  
5. 1. 1 Description of the Mathematical Model 
As present ly  formulated, the one-dimensional mathematical  model of the TES 
device i s  composed of up to  five regions,  only one of which may contain a moving 
boundary. This multiregion capability allows for the inclusion of voids within the de- 
vice,  and the regions a r e  grouped together to simulate var ious possible configurations 
of the TES device. In 
this  model heat is t r ans fe r r ed  from the m i r r o r  source to  the radiator sink by means of 
radiation and conduction only. It i s  assumed that the magnitude of the heat-source f l u x  
i s  constant during the exposure period and its value i s  ze ro  during the dark  period. In 
e i ther  period no reradiat ion is assumed to  take place a t  the rece iver  end. At the use r  
end of the device it is assumed that the radiator sink i s  at  a constant temperature .  For  
each region that does not contain the solid-liquid interface the usual one-dimensional 
t rans ien t  conduction equations apply, namely, 
A schematic of one such configuration is shown in Figure 5-1. 
( see  Section 5. 5 for nomenclature).  
Equation (5-1)  applies for  the solid portion; however, the temperature  field in  the 
liquid portion i s  governed by 
For  the region containing the moving interface 
Here ,  the l a s t  t e r m  of Equation (5-2) accounts for the t ranspor t  of heat by the t ranspor t  
of ma te r i a l  past  a fixed point because of mater ia l  expansion o r  contraction upon melting 
o r  solidification, respectively . 
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There remains to  specify the applicable boundary conditions and init ial  conditions 
for  the system. 
direct ly ,  in which case  the boundary condition is given by 
At the rece iver  end the TES ma te r i a l  may be exposed to the m i r r o r  
where 
Q during sun period 
0 during dark  period 
, a t )  = (5-4) 
and the subscr ipt  y r e f e r s  to  the liquid or solid depending upon the s ta te  of the mater ia l .  
On the other hand, a void may exis t  between the end of the TES ma te r i a l  and its con- 
ta iner  in which case the TES mater ia l  receives heat by radiation from the container.  
The container edge ac ts  a s  a radiation baffle and it i s  assumed that i ts  thickness i s  suf- 
ficiently sma l l  and i ts  conductivity sufficiently high that i t s  temperature ,  designated by 
TB, is uniform throughout. 
form 
Consequently the conditions a t  the receiver  end take the 
and 
The conditions which apply at the boundaries of the regions depend on whether the ad- 
joining regions a r e  in contact o r  a r e  separated by a void. 
that  a r e  in contact, the temperatures  at the common boundary mus t  be equal and the 
heat flow must  be continuous through the boundary, i . e . ,  
For  those adjoining regions 
(Ti)surface region i (Tj )sur face  region j 9 (5-7) 
and 
k i ( 2 )  = k . ( 3 )  
surface region i ’ 3, surface region j (5-8) 
F o r  those adjoining regions which a r e  separated by a void, Equation (5-8) s t i l l  applies,  
but in place of Equation (5-7) the following condition must  be satisfied: 
4 4 
ki (2) = Eij (T j  - Ti ) , surface region i (5-9) 
Here  T .  and Ti a r e  evaluated a t  the surface of their  respective regions and region j 
adjoins region i to  the right of i t .  J 
V h e  convention adapted in this model is that  heat flow is positive when i t  is in the direction of the negative-coordinate axis. 
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Finally , the temperature  fields of the solid and liquid phases a r e  coupled a t  the 
solid-liquid interface. 
face , it must  be equal to the melting point of the mater ia l  there  , i. e.  , 
Not only must  the tempera ture  be continuous ac ross  the in te r -  
TS = TL = TM at interface.  (5-10) 
In this case  the heat flow i s  not continuous a c r o s s  the boundary and the magnitude of the 
discontinuity i s  the amount of heat s tored o r  extracted upon melting o r  solidifying, r e -  
spectively. 
the fusion front as a function of t ime 
This condition, in fact ,  yields the differential  equation for the position of 
the expression of which i s  given by 
(5-11) 
Throughout the analysis it is assumed that the solid portion of the region contain- 
For  a region originally solid 
ing the moving boundary remains fixed in space whereas  the liquid portion may expand 
o r  contract  because of density change upon phase change. 
with length L, its length af ter  an amount ( L  - E )  has melted is expressed by 
(5-12) 
The foregoing differential  equations and boundary conditions descr ibe mathe - 
matically the model shown in Figure 5-1. 
whereas  the radiation boundary conditions and the fusion front Equation (5-1 1 )  a r e  non- 
l inear .  
l inear  condition , the nonlinearity of the fusion-front equation coupled with the finiteness 
of the heat-transfer model renders  the problem quite difficult to t r ea t  analytically. 
Consequently, a numerical  approach (finite difference method) was utilized to  solve this 
system of equations. 
The field Equations (5-1)  and (5-2)  a r e  l inear 
Although the radiation-boundary conditions can be readily approximated by a 
This is descr ibed in the following section. 
5.2 Discussion of the Established Computer P rogram 
A Fortran program has been prepared  and is being checked out for the solution of 
the sys tem described in the preceding section. 
difference method is used in which the total  region under consideration i s  divided into 
equally spaced increments ,  a mesh  point being assigned a t  the end of each increment  
and the boundary. Each node i s  located at the center  of a spat ia l  ce l l  over which the 
tempera ture  is uniform a t  each instant of t ime.  In the computational procedure the t ime 
der ivat ives  at  each instant of t ime a r e  obtained by the explicit scheme;  fo r  example,  the 
finite difference fo rm of Equation (5-1) for the nth in te rna l  node at t ime (nt1)At i s  given 
Overall ,  the conventional f inite- 
by 
(5-13) 
The field equation for the liquid region and the applicable boundary conditions a r e  r e -  
duced to their finite-difference form in like manner .  
In the vicinity of the fusion front  the conventional finite -difference procedure 
is replaced by a scheme devised by Murray and Landis(9-A).  The basis  of this  
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I , procedure is to  monitor the position of the fusion front to a scale  finer than that of the 
chosen mesh  s ize  of the program. 
cel l  contains the fusion front  is computed f rom a three  -point interpolation formula 
utilizing the fact that the fusion front is at the melting tempera ture .  
procedure is to increase  the accuracy of the computations. 
In this manner  the tempera ture  of the node whose 
The purpose of this 
The flow char t  shown in Figure 5-2 i l lus t ra tes  the genera l  s t ruc ture  of the 
For t r an  program. 
tempera ture  a t  every  node has been calculated. The pr int  interval ,  controlled by the 
programmer ,  is usually se t  S O  that printing occurs  only a f te r  a large number of t ime 
calculations. 
normally long if it is des i red  to  know the behavior of the sys tem over a la rge  number of 
exposure cycles. The computer run  time is, of course ,  determined by the total  number 
of calculations which, in turn,  i s  a function of the mesh  s ize  and the magnitude of the 
physical t ime increment.  A n  example of the relation of computer t ime to  physical t ime 
is a three-cycle run corresponding to 4. 5 h r  of physical  t ime for a 2-in. device divided 
into 25 regions.  
was 12 min.  
bility in the numerical  procedure.  
cr i ter ion;  consequently, once the spat ia l  increment is chosen the t ime increment i s  
determined f rom this cr i ter ion.  
use  of the implicit scheme of determining the t ime der ivat ives ,  thus permitt ing l a r g e r  
t ime s teps .  
a f t e r  each t ime step.  
It is set  up in such a way that the t ime is advanced one s tep after the 
The main disadvantage of the For t r an  program is that it may run ab-  
The total  number of time s teps  was 38,576 and the computation t ime 
The la rge  number of t ime steps is necessi ta ted by considerations of sta- 
That is, the quantity At/(Ax)2 must  satisfy a given 
Consideration of stabil i ty conditions can be avoided by 
However, it is necessary  to  i terate  a number of t imes for the solution 
5. 3 Pre l iminarv  Results 
Several  computer runs have been made with a prel iminary vers ion of the For t r an  
program which corresponds to  the model shown in Figure 5-3. 
assumed that a void space exis ts  between the end of the TES ma te r i a l  and the container 
whose outer surface forms  the emit ter  of the thermionic genera tor .  
assumed that the collector is a l so  the waste heat radiator  and remains  at a specified 
tempera ture ,  whereas the temperature  of the end cap of the container may change 
with t ime.  
In this case  it i s  
It is further 
Table 5-1 indicates the data used fo r  a par t icular  computer run. The mater ia l  
p roper t ies  resemble those of the binary oxide (3Be0-2MgO). 
computer run t ime i t  was assumed that the mater ia l  was initially solid a t  a tempera ture  
just  below the melting point. This particular ca se  was run for  th ree  complete cycles in  
which 55 min  of each cycle was exposure time and 35 min was dark  time for a 90-min 
cycle.  
In o rde r  to avoid excessive 
The resu l t s  of this computer run are shown in  Figures  5-4, 5-5, 5-6, and 5-7. 
The first graph, Figure 5-4, i s  a plot of the position of the fusion front over the 
It appears  that the front i s  approaching a constant average position three-cycle  period. 
in  which about 65 per  cent of the solid originally present  i s  melted.  
noted that the amplitude of the degree of melting and solidification which occurs  during 
each  cycle is decreasing and after three cycles only about 15 per  cent of the ma te r i a l  
originally present  a s  solid is being used to re lease energy by solidifying. 
sals in  the direct ion of t rave l  of the fusion front do not coincide with the on-off periods 
of the receiver-end flux because of the so-called "thermal inertia".  
However, it is 
The r eve r -  
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TABLE 5-1. INPUT DATA FOR A PARTICULAR COMPUTER RUN 
, - I 
I 
Device Length 2 in. I 
Container End Thickness 0. 12 in. 
I Exposure Period 55 m i n  
I Dark Period 35 m i n  
B A T T E L L E  M E M O R I A L  
Heat Flux at Receiver End 50,000 Btu/(hr)(ft)2 (14.65 kw p e r  f t2)  
Melting Point 2130 K 
Conductivity 
Solid 
Liquid 
0. 204 Btu/ (min)(ft)K 
0. 119 Btu/(min)(ft)K 
Diffus ivity 
Solid 
Liquid 
1.27 x f t 2  pe r  min  
2 .09  x f t 2  pe r  min  
Density 
Solid 
Liquid 
3 191 lb, per  ft 
148 lbm pe r  ft3 
I Heat of Fusion 670 Btu pe r  lb, 
Emissivity 
TES Material 
Container 
Collector 
0 . 8  
0 . 2  
0 . 2  
Radiation-Sink Temperature  1073 K 
Initial Device Temperature  2050 K 
5-9 
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Figure 5-5 pictures  the heat flow at the end of the TES ma te r i a l  over  the three-  
To approach a "steady" cyclic s ta te  this heat-  
At the 
cycle period in t e r m s  of the percentage of input flux which in this  ca se  is taken to be 
14.65 kw per  ft2 [50,000 Btu/(hr)(ft)2]. 
flux rat io  should approach a mean value of about 61 per  cent (55 min/90  min) .  
end of th ree  cycles the mean value of this r a t io  is still increasing but has  attained a 
value of about 51 per  cent.  
Figure 5-6 shows the temperatures  of the surface of the TES ma te r i a l  at the void 
end and the emi t te r .  
emi t te r  tempera ture  remains relatively constant at a value of 78.7 per  cent of the melt -  
ing tempera ture  o r  1675 K, with a fluctuation of about 1 . 0  per  cent. 
the emi t te r  tempera ture  is a desirable  feature, but the magnitude is somewhat low. 
Over the three-cycle period the maximum tempera ture  attained at the rece iver  end was 
2900 K. 
It is seen that both temperatures  fluctuate in phase and the 
The constancy of 
Finally,  Figure 5-7 depicts the temperature  distribution just  upon entering the 
dark  period for the third t ime and just  before entering the fourth sun period. 
A second run was made in which the heat flux at the rece iver  end was increased 
to  26.4 kw per  f t 2  [90,000 B t ~ / ( h r ) ( f t ) ~ ] .  
ma te r i a l  completely melted at the end of the second cycle and it appeared that the 
principal source of energy during the dark  period was the sensible heat of the ma te r i a l  
r a the r  than the latent heat of fusion. In this ca se  the rece iver  end achieved a maximum 
tempera ture  of 3640 K. 
anticipated for an actual TES device, but the emissivi ty  at  the u s e r  end is a l so  low. 
Only two complete cycles were  run, but the 
The magnitude of the heat  flux i s  low in  comparison with that 
Another run was also made using the data  of Figure 5-4  but in which the void at 
the u s e r  end was not present  between the TES mate r i a l  and its container and the over -  
a l l  emissivi ty  between container and collector was increased to 0.8. 
ing does not occur .  
u r e  5-8. 
however, the fluctuations about the average value a r e  of the o rde r  of 10 per  cent above 
and below this  average temperature .  
cent of the input heat flux. 
rea l i s t ic ,  the specified magnitude of the heat flux is still too low, as mentioned 
previously.  
In this  ca se  melt-  
The average temperature  is relatively constant after the first exposure cycle; 
The emit ter  temperature as a function of t ime is shown in Fig- 
The emit ter  heat flux var ies  f rom 96 to  18 per  
While the emissivity value of 0.8 appears to  be m o r e  
5 . 4  Discussion of Pre l iminary  Results and Conclusions 
The prel iminary resu l t s  obtained he re  indicate seve ra l  design considerations 
which mus t  be  given to  the construction of a TES device. 
First of all, a comparison of the two runs made with identical  conditions except 
for  different overa l l  emissivi t ies  and the exclusion of voids indicates that both the 
emiss iv i t ies  of the mater ia l s  and the configuration of the TES device at the use r  end 
a r e  important  factors .  
sys t em in which the emi t te r  is not contiguous to  the TES ma te r i a l  but ac t s  as a radi-  
a t ion baffle. 
average tempera ture  at the use r  end, consider the t ime average of the heat t ransfer  at 
the u s e r  end over  one cycle. For  the baffled sys tem the heat t r ans fe r r ed  f rom the end 
of the device to the baffle is 
The case  with the void at the use r  end may be interpreted as a 
To a s s e s s  the relative effect  of each condition upon the magnitude of the 
~ A T T E L L E  M E M O R I A L  I N S T I T U T E  
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(5J14) 
where pon is the heating period, p is the total period, the overbar  indicates t ime 
average over one cycle,  and it has been assumed that "steady" cyclic operation has  been 
achieved. Similarly,  the heat t ransfer red  f rom the baffle to the sink o r  collector is 
-- 
-- "On -UE ( T g 4  - TC4) a 
P 
Elimination of TB4 f rom Equations (5-14) and (5-15) yields 
1 / 4  'QPon 114 
(TE4) baffled = TC ( o E p T c 4 r  
(5-15) 
(5-16) 
For  the unbaffled case  the average temperature  at  the end of the device is given by 
unbaffled = Tc( aEpT 
$ ' I4  . (5-17) 
F r o m  Equations (5-16) and (5-17) i t  is seen that in both cases  (TE"> 1'4 must  be 
g rea t e r ,  the lower the emissivity,  in order  to t ransfer  the same  amount of heat. 
thermore ,  the average end temperature  must be g rea t e r  in the baffled sys tem than in 
the unbaffled one even though the emissivit ies remain  the same .  
average tempera ture  throughout the TES mater ia l  is grea te r  when (2) 'I4 is g rea t e r .  
In the one case  of moderate  heating (14. 65 kw pe r  f t z )  and a relatively low emissivity of 
about 0 . 2 ,  melting occurred and the system appeared to  be approaching steady cyclic 
operation at  the end of three  cycles .  
emissivi ty  to 0.8,  no melting occurred  over the same  period. 
that with high emissivi t ies  of the radiating elements,  o r  with no baffling a t  the u s e r  end 
of the device (or s imi la r ly ,  no void at the user end),  o r  both, the higher heat  fluxes 
anticipated for the TES system can probably be accommodated. 
Fu r -  
This implies that  the 
However, by excluding the baffle and rais ing the 
Thus, it is concluded 
On the other  hand, a radiation baffle may be effective in maintaining the t emper -  
a tu re  of the emi t te r  at a relatively steady value. 
shows that for  the baffled configuration the emit ter  temperature  fluctuates about 1 .0  per  
cent,  whereas  the unbaffled case  fluctuates about 10 per  cent.  
Comparison of Figures  5-7 and 5-8 
The one-dimensional model considered h e r e  is of course  idealized and the extent 
to which the r e su l t s  apply to an  actual device may be questioned. 
feasibil i ty study of the planned configuration it is felt that  the one-dimensional model is 
a reasonable  approximation. On the other hand, loss  of energy through reradiat ion at  
the rece iver  end might be significant and this  cannot be taken into account with the 
present  model.  Such a condition would mean that more  than one solid-liquid interface 
could be present  during the dark  period, which great ly  complicates the analysis.  
second condition not considered in the present analysis is the experimentally observed 
phenomenon in  which the molten MgO-Be0 is highly t ransparent .  
liquid would offer little res i s tance  to heat t ransmission,  which would a l t e r  the pe r -  
formance of a TES device and would tend to  minimize the possibility of melting the con- 
ta iner .  Thirdly, i t  is assumed that the TES mater ia l  has a definite melting point, i. e. , 
For the present  
A 
In such a case  the 
B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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. *  a eutectic o r  pure mater ia l ,  SO that  a ma te r i a l  which mel t s  over a range of tempera-  
tu re  depending on concentration cannot be properly considered in the program. 
5. 5 Nomenclature 
C = specific heat, Btu/(lbm)K P I 
I 
~ 
E = effective emissivity 
L = length, ft 
Q = h e a t  flux r a t e ,  Btu/(min)(f t2)  
T = temperature ,  K 
k = thermal  conductivity, Btu/(min)(f t ) (Kj  
pon = heating period, min 
p = total cycle t ime,  m i n  
t = time variable,  min 
x = space var iable ,  ft 
a = thermal  diffusivity, ft2 per  rnin 
E = position of fusion front,  ft 
X = latent heat of fusion, Btu per  lbm 
p = density, lbm per  ft3 
0 = Boltzmann constant, 3 .  03 x 10-l '  Btu/(min)(ft2)(K4) 
At = time increment,  min 
A x  = space increment ,  f t  
P 
0 
Subscripts 
L = liquid mater ia l  
S = solid mater ia l  
i = region index. 
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SECTION 6.0 COMPOSITIONAL STABILITY 
6. 1 Objectives -
Reactions which may change the composition ei ther  by mater ia l  t ranspor t  within 
a cel l  o r  by physicochemical t ransfer  may have deleterious effects upon expected life- 
t imes  of mater ia l s  systems. In an effort to a s s e s s  the magnitude of such effects, and 
to  obtain necessary  basic  data for  use in interpreting mechanisms,  an investigation of 
compositional stabil i ty has been made. 
6. 2 Analytical Studies 
6. 2. 1 Sources and Evaluation of Data 
JANAF Inter im Thermochemical  Tables w e r e  employed in conjunction with data 
gene rated at B attelle. 
6. 2. 2 Theoretical  Treatment and Results 
In general ,  alkaline ear th  oxides vaporize predominantly by decomposition to the 
element at high tempera tures ,  and alumina vaporizes in  a complex manner  t o  both 
elements and to molecular species. 
computed on the bas i s  of considerations of ideal solution behavior to  be 4 x l o e 6  a tm 
for  magnesium and 1 x 10-7 a tm for  beryllium for  the binary. In the t e rna ry  a t  this  
temperature  one would also expect to  encounter aluminum, A10, and A120 as gaseous 
species  of a magnitude of about 5 x atm. 
At 2250 K the magnitude of vapor species  has  been 
Monatomic oxygen would a l so  exist  at this 10-7-atm concentration and can be 
Should a sink exist  for  this expected to be quite reactive with container mater ia l s ,  
monatomic oxygen mater ia l ,  t ranspor t  will  certainly ensue, and could be a mechanism 
limiting to device lifetime. 
On the bas i s  of existing thermodynamic es t imates  it can be concluded that a l l  the 
re f rac tory  meta ls  would reac t  to a detectable extent with the binary and t e rna ry  oxides 
at tempera tures  above 1600 C. The reaction mechanism i s  
R(c) + x MO(c) = ROx (g) t x M(g) , 
where R(c) is the r e f r ac to ry  meta l  and MO(c) is the oxide. 
Calculations would indicate that in an open system where reaction products could 
escape o r  in a closed system where a steep temperature  gradient exis ts  so that a 
pseudo open system would be approached, appreciable mater ia l  t ranspor t  would occur 
and refractory-metal  erosion approaching the r a t e  of a mi l  per  day might be expected. 
B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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6. 3 Experimental Studies 
6- 2 
6. 3. 1 Description of Equipment and Experimental  Techniques 
Experiments were per formed in which the gaseous products emanating f r o m  the 
or i f ice  of a metal cell  were  collected on cooled ta rge ts  and spectroscopically assayed. 
The amount of mater ia l  effusing f r o m  the cell  was  used with the Knudsen equation to  
calculate vapor p r e s s u r e s  of species.  
analyzer attached i s  shown in F igure  6- 1. 
a blackbody hole dr i l led into the cell. 
The effusion furnace with the residual-gas  
Tempera tures  a r e  determined by sighting on 
Vapor species were  determined with a Bendix 12- 107 Time-of-Flight mass 
spec t rometer  equipped with an electron-bombardment-heated Knudsen cell. 
emanating from the cel l  were  collimated, then ionized in a n  electron beam,  then 
pulsed f r o m  the ion source and d ispersed  by velocity selection. 
Vapors 
6. 3. 2 Experimental Results 
Investigation of the vaporization charac te r i s t ics  of the TES ma te r i a l s  indicated 
that the intrinsic vapor p re s su re  of all of the components was extremely low ( l e s s  
than 
occurred  as a resul t  of the interaction of the oxides and the container (whether tungsten 
o r  molybdenum). 
plex reaction involving a gaseous refractory-metal  oxide and ei ther  a l ight-metal  a tom 
o r  suboxide. 
t empera tures  of 2200 K, and the amount of refractory-oxide in contact can markedly 
affect the apparent vapor p re s su re .  
finely grained MgO yields a vapor p re s su re  of (WOg), of about 4 x 
as compared with 2. 1 x atm for  the binary oxide. 
pa r t ,  to  the reduction in activity of the MgO in  solution as compared with pure MgO 
but is a l so  a resul t  of the sma l l e r  amount of react ive surface available. 
of the beryllium species was 2. 4 x 10-6 and w a s  principally metal l ic  beryl l ium, 
although some B e 0  and Be20  was  observed mass spectrometr ical ly .  
p re s su re  was between a factor  of t h ree  and a factor  of four  higher than beryl l ium in 
all ca ses  and is responsible for  the magnitude of the reaction. 
tion i s  a stronger function of tempera ture  than the magnesium, and at 2080 K the 
beryl l ium pressure  is more  than an o r d e r  of magnitude below that of magnesium. 
that temperature  the beryll ium p r e s s u r e  is 9 x 10-8 atm, which is negligible when 
compared to 1 .4  x 10-6 atm for  magnesium at the same  temperature .  
a tm in all ca ses ) ,  even at 2200 K, and that the observed vaporization 
Thus,  t rue  simple vaporization does not occur ,  but, r a the r  a com- 
With such a complex reaction, kinetics a r e  of importance,  even at 
An intimate mixture  of powdered tungsten and 
atm at 2200 K, 
This  difference is due,  in 
The p r e s s u r e  
The magnesium 
The beryl l ium volatiliza- 
At 
In the te rnary  composition aluminum, A10, and A120 a r e  just  detectible at 2010 K 
and a r e  more than an o r d e r  of magnitude below beryl l ium, hence they a r e  present  at a 
level of about 10' l o  atm. 
course ,  with the WO3 and (WO3)3 which is present  in comparable quantities. 
r a t e s  as a function of tempera ture  a r e  shown in F igure  6-2 f o r  both tungsten and 
molybdenum in contact with the binary. 
the t e rna ry  w a s  employed, except that  small quantit ies of aluminum, A10, and A120 
were  observed in the vapor by use of the mass spec t rometer .  
Magnesium is by far the principal vapor species  along, of 
Transpor t  
Essent ia l ly ,  the same  re su l t s  occur red  when 
R I A L  I N S T I T U T E  
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FIGURE 6-1. KNUDSEN EFFUSION FURNACE 
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FIGURE 6-2. TRANSPORT RATES (EQUILIBRIUM) FOR METALS IN 
CONTACT WITH THE BINARY 
The t e rna ry  i s  approximately 40 p e r  cent of these  
value s. 
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Experimental  resu l t s  indicate that the MgO in the binary and t e rna ry  compositions 
reac ts  preferent ia l ly  with the container material .  
magnitude more  severe  than the reaction with A1203 o r  BeO. 
This reaction is at l ea s t  an o r d e r  of 
Not only can the compositional stability be a l te red  by the reaction, but the con- 
ta iner  itself can be eroded markedly by the gas-phase t ranspor t  of refractory metal .  
A moderate  thermal  gradient could produce an  erosion of 5 mils pe r  day of tungsten if  
continuous f r e s h  reactive sur faces  were  maintained. It is unlikely that this  w i l l  be the 
case  but it is doubtful if passivation can be expected to reduce the above figure by 
much more  than an  o r d e r  of magnitude. i 
6. 4. 1 Estimated Accuracy of Results 
The limiting factor  in determining the accuracy of the vapor-pressure  determina- 
t ions is basedon the efficiency of the collection system and the accuracy of the chemical 
analysis.  Under ideal conditions where unit collection efficiency is obtained, and a 
well-defined chemical analysis  exis ts  for  the quantities of ma te r i a l s  collected, a n  
accuracy of *lO per  cent can be realized. In the present  investigation unit collection 
efficiency does not exist  for  tungsten oxide, and the magnitude of collected vapor was  
close to  the detection limit. 
t o  be  about k25 p e r  cent. 
I 
F o r  these reasons the accuracy attained was est imated 
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SECTION 7 . 0  WETTING ABILITY, 
VISCOSITY, AND SURFACE TENSION 
7 . 1  Evaluation Based on Other Tests 
No specific experiments were designed to measu re  these proper t ies .  However 
seve ra l  qualitative comments can be made on the basis  of observations made during 
various phases of the program. 
The molten oxides appear to wet tungsten. It i s  expected that they will a l so  wet 
the other re f rac tory  meta ls  such a s  molybdenum, rhenium 
rhenium. 
and tungsten-26 w/o  
The open-crucible melting experiments descr ibed in  detail  in Section 5.2 of 
Volume 11, revealed that the molten oxides appear  to crawl o r  climb the s ides  of a 
tungsten crucible when in a vacuum environment. When a n  argon atmosphere was 
employed, this crawling tendency was drastically reduced. 
used for  the liquid thermal-expansion tes ts  and no crawling problems were  encountered 
with e i ther  oxide in the large tungsten container. 
An argon atmosphere was 
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SECTION 8.0 THERMAL CONDUCTIVITY 
8. 1 Experimental  Objectives 
The experimental  objectives of this task a r e  to m e a s u r e  the the rma l  conductivity 
of the solid TES oxides f r o m  -180 C to near the melting point and to  m e a s u r e  the 
the rma l  conductivity of the liquid TES oxides to 2030 C. 
be  analyzed and values obtained fo r  the various heat- t ransfer  mechanisms operative in 
the solid and liquid oxide. 
The conductivity resu l t s  will  
8. 2 Experimental  Studies 
Authorization to  proceed with Task  I1 (Thermal  Conductivity Measurements)  was 
received the last month of the first 6-month period. 
i t  e m s  w e r e  accomplished: 
During the month the following 
Design and specification of the two apparatus  to be used to make the 
thermal-conductivity measurements  of the solid oxide. 
Authorization to  proceed with our recommended approach in making 
thermal-conductivity measurements  was requested of JPL. 
Specimen fabrication was  requested of the BMI group preparing 
specimens,  pending JPL approval. 
Initial design calculations w e r e  begun on the variable-gap liquid- 
thermal-  conductivity apparatus.  
8. 2. 1 Description of Equipment and Experimental  Techniques 
8. 2. 1. 1 The rma l  Conductivity of the Solid 
Since the start of the thermal-conductivity phase, a m o r e  thorough evaluation was 
made of the measuring method proposed for the solid TES materials. 
indicate that  the accuracy of thermal-conductivity measurements  made on disk-shaped 
spec imens  wil l  dec rease  with specimen temperature  and be  very  poor a t  t empera tures  
approaching 100 K. 
t e rna ry  TES mater ia l s  a t  these temperatures.  
the longitudinal-heat-flow, steady- s ta te ,  comparative method using a cylindrical  
specimen (#3/4-in. d iameter  by 2-1/2-in. long) over the tempera ture  range f r o m  
100 K t 
will  be obtained a t  higher tempera tures  using a disk-shaped specimen (??z3-in. diameter  
by 1 -in. thick). 
Calculations 
This resu l t s  f rom the est imated high conductivity of the binary and 
Permiss ion  has  been requested to use  
1200 K to  obtain a n  accuracy over this range comparable to the accuracy that 
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The method using a disk-shaped specimen will s t i l l  be used for  tempera tures  
f rom about 800 K upward as this is considered the best  available method for this tem- 
perature  range. 
I (4) Regulated air supply for cooling coils 
A description of the two methods follow. 
I (5)  Liquid nitrogen supply and t ransfer  system. 
A. Longitudinal-Heat-Flow, Steady-State, Comparative 
Method Using a Cylindrical Specimen 
A longitudinal, steady-state comparison method using a cylindrical  specimen i s  
proposed for  making low-temperature thermal-conductivity measurements  on the TES 
mater ia ls .  This suggestion is made because of the expected high conductivities of the 
mater ia l s  a t  low temperature .  Figure 8-1 i s  a schematic drawing of the apparatus.  
The longitudinal, steady-state comparative method has been extensively used, i s  well  
suited fo r  the proposed measurements ,  and yields the conductivity directly.  Existing 
apparatus is available. 
The method, in brief,  consists of heating one end of a specimen, measuring the 
temperature  gradients along the specimen, and determining the ra te  of heat flow 
through the specimen by means of a meta l  reference ma te r i a l  of known thermal  con- 
ductivity attached to the cold end of the specimen. Radial heat flow into, o r  away f rom,  
the specimen and reference-mater ia l  assembly i s  minimized by thermal  insulation 
and an encircling guard tube in which tempera tures  at corresponding levels a r e  ad- 
justed, a s  nearly a s  possible, to match those in the specimen and reference mater ia l .  
The thermal  insulation used consists of bubbled alumina, which fills the annular space 
between the specimen reference-mater ia l  assembly and the guard cylinder. 
specimen is protected by a vacuum of approximately 2 x 10-5 T o r r  during the 
measurements .  
The 
Chromel-Alumel thermocouples of calibrated wi re  a r e  wedged in holes spaced 
along the specimen, and three s imi la r  thermocouples a r e  placed in the Armco i ron  used 
a s  the reference mater ia l .  
regarded as a n  independent small specimen. A thermal-conductivity value is calculated 
for each section of the specimen bounded by two thermocouples and is reported for  the 
mean temperature  of that par t icular  section of specimen. 
Each pa r t  of the specimen between thermocouples m a y  be 
Auxiliary apparatus required for the measurements ,  but not shown in F igure  8- 1, 
is  a s  follows: 
(1) Voltage-regulated power supply for  hea te rs  
( 2 )  Constant-temperature water  supply for  the heat sink 
( 3 )  Thermocouple emf-measuring sys t em 
Thermocouples a r e  made f r o m  previously cal ibrated wire .  A continuous program 
of establishing the values for the conductivity of the re ference  ma te r i a l  i s  maintained. 
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(1) Vacuum seals 
(2) Top plate 
(3) Hermetic seals for thermo- 
couples and power leads 
(4) Vacuum chamber and guard 
(5) Insulation enclosure 
(6) Sil-0-Cel insulation 
(7) Guard cooling coils 
(8) Guard balancing heaters 
(9) Insulation 
(10) K-30 brick 
(11) Connection to  vacuum system 
(12) Sink assembly 
(13) Reference standard 
(14) Specimen 
(15) Thermocouples 
(16) Heater block 
(17) Specimen heater 
A -5181 2 
FIGURE 8-1. SCHEMATIC DRAWING OF THE THERMAL- 
CONDUCTIVITY APPARATUS 
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The apparatus is  a proven piece of equipment and has been in satisfactory use  for  
severa l  years .  Experience has established that the relative e r r o r  between different 
measurements  performed in the apparatus does not exceed i t 2  pe r  cent. 
s idered  to be the apparatus reproducibility when using the same  reference material .  
The absolute e r r o r  of the thermal-conductivity values i s  estimated not to exceed *5 pe r  
cent, the chief uncertainty being the absolute thermal  conductivity of the reference 
mat  e rial. 
This is con- 
B. Self-Guarding Disk Method 
Battelle has  designed, and successfully used for  a number of yea r s ,  a thermal-  
conductivity apparatus,  using a disk-shaped specimen, where the disk i s  self guarding. 
This self-guarding feature  i s  effected by measuring only the heat that passes  through a 
central  portion of known a r e a  of the disk. Heat passing through the outer portion of the 
disk goes into guard cylinders and is not measured.  
portion of the disk, and therefore  do not cause an  e r r o r  in the measured  thermal  con- 
ductivity since they a r e  not measured  as having passed through the specimen. 
Edge losses  a r e  f rom this outer 
F igure  8-2 is  a schematic sketch of the apparatus  to be designed and assembled for 
the J P L  measurements.  
and l-in. thick. 
rhenium with B e 0  insulation) a r e  placed in the specimen, near  the axis ,  in 
ultrasonically-dril led radial  holes spaced 90-deg apart .  
the specimen each thermal  equilibrium will  give three  thermal-conductivity values, 
each at  a different mean specimen temperature .  
The disk-shaped specimen (1) is nominally 3 in. in diameter  
Four  thermocouples (tungsten-5 w / o  rhenium versus  tungsten 26 w / o  
With four thermocouples in 
A high-current, low-voltage heater (2 )  of graphite,  tungsten o r  tantalum intro- 
The quantity of heat flow through duces a downward heat flow through the specimen. 
the specimen is measured  by a cylindrical, heat  flow m e t e r  o r  reference ma te r i a l  
( 3 )  surrounded by three concentric guard cylinders (4) of the same  mater ia l .  
uses  calibrated Armco i ron o r  Type 347 s ta inless  s tee l  for reference mater ia l s  when 
making steady- s ta te ,  longitudinal-heat-flow, comparative,  the rmal-conductivity 
measurements.  
cylinder assembly should be noted. The heat flow me te r  measu res  only the heat pass-  
ing through the specimen over an  a r e a  equal to  that of the heat flow meter  plus half 
the a r e a  of the annular space between the heat flow me te r  and the f i r s t  guard cylinder. 
The heat  passing through the specimen outside this measuring a r e a  flows down through 
the guard cylinders and i s  not measured. Any heat los t  f r o m  the edge of the specimen 
does not enter into the calculations and does not introduce a n  e r r o r  into the resul ts .  
Battelle 
The self-guarding feature  of the specimen-heat flow meter -guard  
Past experience has shown that it i s  impossible to  have a good, uniform, thermal  
contact between the specimen and the heat flow meter-guard cylinder assembly.  
mat te r  how flat these surfaces  a r e  a t  the beginning they do not make a uniform contact. 
Battelle uses  a layer  of res i l ient  mater ia l  between the specimen and the heat flow 
meter-guard cylinder assembly to  make a uniform thermal  contact even if i t  i sn ' t  
'Igood". 
No 
A layer of carbon wool i s  a typical ma te r i a l  for this use. 
A heat  sink (5 )  i s  cooled by gas  or  liquid flow and Serves to take the heat  intro- 
The apparatus  is  enclosed in  a vacuum or  duced into the specimen out of the system. 
atmosphere shell (6)  with a vacuum connection (7). 
used as needed. 
Thermal-radiation shielding i s  
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FIGURE 8-2 .  DISK THERMAL-CONDUCTIVITY APPARATUS 
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Thermal  equilibria will be obtained a s  needed to cover the temperature  range 
f rom 800 to within about 50 K of the melting temperature.  A thermal  equilibrium con- 
s i s t s  of steady-state conditions with all thermocouples showing negligible tempera ture  
drift.  
The e r r o r  of thermal-conductivity measurements  made as descr ibed is usually 
es t imated to not exceed *5 pe r  cent, the chief source of possible e r r o r  being the 
thermal  conductivity of the reference mater ia l ,  
measured  using the same  reference mater ia l  a r e  usually estimated to not exceed *2 per  
cent. 
Comparative e r r o r s  of two mater ia l s  
8. 2. 1. 2 Thermal  Conductivity of the Liquid 
A. Variable- Gap Liquid Thermal-  C onductivity Apparatus 
Work has begun on the liquid thermal-conductivity program. Initial calculations 
have begun on the broad general  feature's of the apparatus in order  to establish the 
power requirement for the hea ters ,  radiation-shielding requirements ,  general  features  
of the apparatus,  and to establish pr ior i t ies  for  the long lead-time i tems which have to  
be purchased. 
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SECTION 9 . 0  EMITTANCE AND ABSORPTANCE O F  CONTAINER MATERIALS 
9. 1 Experimental  Objectives 
The objective of this study was to  measu re  the total hemispherical  emittance of 
F o r  these opaque mater ia l s  the absorptance is assumed equal to  the emit-  
th ree  prospective container mater ia ls :  tungsten, rhenium, and tungsten-25 w / o  
rhenium. 
tance.  
tween total emittance and total absorptance with change in tempera ture .  
Whereas this is s t r ic t ly  t rue  fo r  spectral  radiation, there  is some deviation be- 
9 .2  Experimental  Studies 
The total-hemispherical  emittance of the container mater ia l s  was measu red  by the 
hole-in-tube method descr ibed by Worthing and Halliday. (9-A) 
9. 2. 1 Description of Equipment and Experimental  Techniques 
Each specimen, in the f o r m  of a long, thin-walled tube (6-in. long and 1/4-in.  
OD by 0 .  01 to 0. 02-in. wall) was supported in a vacuum chamber,  the walls of which 
were  cooled to  approximately 15 C.  
through the wall a t  i ts  longitudinal center .  Two other small holes, fo r  attachment of 
potential leads,  were  located equidistant (nominally 3 / 4  in. ) on ei ther  side of the center  
hole. The potential leads,  very  fine tungsten wi re s  pinned into these holes, were  used 
to m e a s u r e  the potential drop ac ross  the center section of the specimen. The specimen 
was  heated by passing a cur ren t  through it by means  of conductors clamped at each end. 
These  conductors c rea ted  a heat  sink a t  each end with a result ing tempera ture  drop near  
the ends of the tube. 
section between the potential leads.  
The specimen had a 0.  031-in. -diameter  hole dril led 
The emittance was measured  on the center  uniformly heated 
The tempera ture  of the tube was  measured  by viewing, with a n  optical pyrometer ,  
the inside tube wall through the small center tube hole and through a window in the 
chamber  wall. The inside surface of the center of such a specimen is essentially a t  
blackbody conditions by nature  of i ts  geometry; i. e .  , its high length-to-diameter ratio,  
plus the fac t  that only a ve ry  small percentage of the total radiance of the spot being 
viewed is emit ted through the small hole. The measu red  inside-wall t empera ture  
was then equivalent to  the t rue  outside-wall t empera ture  inasmuch as there  was a 
negligible tempera ture  drop (< 1 C)  through the thin-walled tube. 
i 
By measur ing  the temperature ,  T (C),  of the emitting surface,  the tempera ture  of 
the absorbing surface,  To, the radiant power as the product of the potential drop, E 
(volts) ,  and the heating current ,  I (amps) ,  and knowing the specimen diameter ,  d (cm) ,  
and spec imen length, a (cm),  between potential leads,  the emittance can be calculated 
f r o m  the expression: 
I E  
E =  
7rdb(T4-To4) ’ 
I B A T T E L L E  M E M O R I A L  I N S T I T U T E  
I11 9- 2 
where 
E = total hemispherical  emittance, and 
0 = the Boltzman radiation constant. 
Where To, the vessel  wall, is small in comparison to T it can be neglected, so  
the expression used is 
I E  
€ =  
7~daoT4 ' 
The three specimens were  prepared  f r o m  tubes procured f r o m  commerc ia l  
sources .  Except for  clean- 
ing, no surface t reatment  was done s o  as to obtain emittance values of "as-received" 
mater ia l .  The preparat ion included: hole drilling, diameter  and length measurements ,  
surface-roughnes s measurements ,  surface cleaning, and potential lead attachment.  
The surface-cleaning process  was a solvent degreasing, Alconox wash, dist i l led-water 
r inse,  and ultrasonic cleaning in alcohol. 
measurements  a r e  given in Table 9-1. 
Each tube was wrought f r o m  a powder-metallurgy product. 
The source  of the samples  and the p re t e s t  
TABLE 9-1. PRETEST SAMPLE MEASUREMENTS AND THE 
SOURCE O F  POTENTIAL CONTAINER MATERIALS 
Nominal Length, cm 
Tungs ten 
Tungs ten Rhenium 25 w/  o Rhenium 
15. 25 15.25 15. 25 
Length of Potential  Measurement ,  c m  3.798 3.813 3.843 
Average Center Diameter ,  c m  0. 670 0.645 0.636 
Surface Roughness, minimum rms p in. 
C ir cumf er  ent ial 132 18 
Longitudinal 42 19 
11 
7 
Commerc ia l  Source (a)  (b) ( c )  
(a) Metalonics Corporation. 
(b) Chase Brass & Copper Company. 
(c) Hoskins Manufacturing Company. 
F o r  each tes t ,  a f te r  the specimen was a s sembled  and the chamber  evacuated, the 
heating power was increased to give a specimen tempera ture  of approximately 1000 C. 
After allowing approximately 10 min  to achieve equilibrium, the optically measu red  
specimen temperature  and the specimen cu r ren t  and potential d rop  were  observed and 
recorded. 
during the heating to approximately 2500 C and cooling to  1000 C. During the tes t s  the 
vacuum was maintained in the range of 2 x 10-6 to  2 x 10-5 T o r r ,  After each run the 
chamber  window was removed and cleaned so  the  m e a s u r e d  "clean-window" cor rec t ion  
could be applied to each tempera ture  measurement ,  
This process  was repeated with approximately 100 C t empera ture  increments  
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. 9. 2. 2 Experimental  Resul ts  . .  
The measured  emittance values fo r  tungsten, rhenium and tungsten-25 w/o 
rhenium a r e  given in Tables 9-2, -3, and -4, respectively,  and these data a r e  plotted 
in F igures  9-1, -2, and -3. 
TABLE 9-2. TOTAL HEMISPHERICAL EMITTANCE OF 
TUNGSTEN SPECIMEN 
Heating Cvcle Coolinn Cvcle 
Temperature ,  C E 
~~ 
Temperature ,  C E 
1032 0.210 2386 0.345 
1158 0.241 2250 0. 338 
1299 0.224 2061 0. 310 
1360 0.248 1982 0. 302 
1491 0.228 1899 0.289 
1517 0.274 1804 0.277 
1607 0.295 1655 0.292 
1748 0. 311 1554 0.275 
1910 0.288 1418 0.253 
1979 0. 305 1220 0.260 
2101 0. 323 1060 0.226 
2219 0. 338 -- -- 
2308 O. 332 I- -- 
2356 0.353 -- -- 
2464 0. 376 -- -- 
TABLE 9-3. TOTAL HEMISPHERICAL EMITTANCE OF 
RHENIUM SPECIMEN 
Heating Cooling 
Tempera ture ,  C E Temperature ,  C E 
~ 
1021 0.192 2367 0,288 
1330 0.235 22 64 0.275 
1707 0.279 2168 0.264 
2012 0.248 2073 0.251 
2293 0.283 1865 0.231 
0.291 1624 0.241 2435 
247 1 0.294 1466 0.237 
-- -- 1304 0.207 
-- 1038 0. 198 - -  
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TABLE 9-4. TOTAL HEMISPHERICAL EMITTANCE OF 
TUNGSTEN-25 W / O  RHENIUM SPECIMEN 
Heating Cooling 
Temperature ,  C E Tempera ture ,  C E 
1060 0.227 2368 0.253 
1190 0.244 2225 0.236 
1319 0.216 2105 0.226 
1469 0.235 2005 0.221 
1613 0.246 1935 0.215 
1830 0.219 1885 0.205 
1950 0.232 1787 0. 189 
2053 0.241 1616 0.217 
2185 0.245 1467 0. 193 
2289 0.254 1378 0. 189 
2411 0.254 1164 0.190 
2495 0.258 1054 0. 188 
9. 3 Discussion of Results 
The emittance of the tungsten specimen exceeded that of the other two. This may  
be p r imar i ly  due to its g rea t e r  surface i r regular i t ies .  
specimen is very consistent f r o m  approximately 1900 to  2470 C but shows some g rea t e r  
deviations between 1300 C and 1700 C. 
specimen shows a phenomenon which could be expected to occur  in  all th ree  c a s e s  - 
the emittance upon cooling is l e s s  than the initial values. This is believed to  resu l t  
f r o m  degassing of some contaminant f r o m  the sur face  a t  higher tempera tures  result ing 
in a cleaner  surface with lower emittance. F o r  this r eason  the curve  is drawn in 
favor of the cooling data, and the data upon heating cannot necessar i ly  be considered 
to deviate f rom this curve. 
The data for  the rhenium 
The data  for  the tungsten-25 w/o  rhenium 
9. 3. 1 Estimated Experimental  Accuracy 
It is believed that the data for  all th ree  specimens is re l iable  in the p r i m a r y  
tempera ture  range of interest ,  1750 to  2500 C. 
s t ruments  used, the e r r o r  should be l e s s  than *3-1/2 p e r  cent. 
which occur  between 1250 and 1750 C a r e  believed to  resu l t  f r o m  poor operation of 
the midscale  of the optical pyrometer.  
On the basis  of the rat ings of the in- 
The g rea t e r  deviations 
REFERENCE 
9-A. Worthing and Halliday, Heat John Wiley and Sons, New York (1948). -’ 
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SECTION 1 0 . 0  SUMMARY AND RECOMMENDATIONS - 
Thermal- expansion studies on both the 3Be0- 2Mg0 and the 4BeO-MgO-Al203 
oxides have been completed. 
cent on melting (1850 to  1900 C)  and 31. 8 per cent in going f rom room tempera ture  to 
1900 C. 
It was learned  that the t e rna ry  oxide does not mel t  at a unique tempera ture  but ra ther  
over  an  as yet  undetermined temperature  range. 
only par t ia l ly  molten. 
Results indicate that the binary oxide expands 23. 8 pe r  
The t e rna ry  oxide expands 2 6 . 6  per cent f r o m  room tempera ture  to  2000 C. 
At 2000 C the t e rna ry  is probably 
No definite recommendations for  future r e s e a r c h  a r i s e  a s  a resu l t  of these  
studies. 
equipment is available f o r  future studies on new TES mater ia l s .  
required on the binary. 
more  is learned  about the constitution and transformation tempera tures  of this  mater ia l .  
However, such studies should only be undertaken if other t e s t s ,  i. e. , thermal  conduc- 
tivity, heat- t ransfer  analysis ,  heat of fusion, etc.  , indicate that the t e rna ry  has  more  
to offer as a TES ma te r i a l  than does the binary oxide. 
The feasibil i ty of using the pycnometer technique was demonstrated and this  
No additional work is 
Fur ther  studies on the t e rna ry  oxide may be desirable  af ter  
Enthalpy and heat of fusion measurements  on 3Be0-2Mg0 have been completed. 
As a resul t  of the experimental  data obtained, analytical  expressions for both the solid 
and liquid enthalpies as a function of temperature  have been derived. 
fo r  3Be0-2Mg0 was found to  be 370 cal per g. Enthalpy determinations on 4Be0-MgO- 
A1203 a r e  in  progress .  
The heat of fusion 
The emittance of th ree  potential container mater ia l s  (tungsten, rhenium, and 
tungsten-25 w/o  rhenium) have been determined as a function of temperature .  
faces  of t hese  ma te r i a l s ,  except for  cleaning, were  in the as - rece ived  condition. 
Values obtained ranged f rom about 0 . 2 0  a t  1000 C to about 0 .35 a t  2500 C, which is 
what might be expected for  these metals .  
to be quite important as indicated by the higher values obtained on the tungsten specimen, 
which had a rougher surface.  
f r o m  container wal ls ,  future studies to effect emittance by surface var ia t ion may be 
warranted.  
of the TES oxides should be determined. 
The sur- 
The effect of surface roughness w a s  found 
Depending upon the importance of heat l o s ses  by radiation 
In addition, because of void formations in actual operation, the emittance 
Compositional- stability studies have revealed that the vapor p r e s s u r e s  above the 
contained oxides a r e  not sufficient to  cause concern over  rupturing of container vesse ls  
because of internal  p r e s s u r e  buildup. However, experimental  resu l t s  indicate that 
MgO in the binary and t e rna ry  compositions r eac t s  preferentially with tungsten and 
molybdenum container mater ia l s .  Studies indicate that in an open sys tem where reac- 
tion products  could escape o r  in a closed system where a s teep tempera ture  gradient 
ex is t s ,  appreciable mater ia l  t ranspor t  would occur  and refractory-metal  erosion 
(tungsten) approaching the ra te  of 5 mi ls  per day might be expected. Associated with 
this  t r anspor t  would be a change in oxide composition over  the container length. 
Studies of the TES oxides in  rhenium a r e  in progress .  
thermodynamic considerations that rhenium might be more  reactive than tungsten at 
I'lower" tempera ture  because of the probable higher heat of formation of its gaseous 
It would be expected f rom 
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oxide, and that at high tempera tures  the l a r g e r  entropy change on formation of the 
gaseous oxide would tend to  dec rease  its stability f a s t e r  than that of tungsten oxide. 
At the present  t ime this must be considered to be speculative since no thermodynamic 
data on gaseous rhenium oxide exists.  
Should rhenium prove to be no bet ter  than tungsten o r  molybdenum in contact 
analgous materials using CaO may give an ex t ra  order-of-  
It is considered that for  long-time 
with MgO-binary melts 
magnitude reduction in the intensity of reaction. 
missions such a reduction wi l l  be a necessity.  
A one-dimensional t ransient  heat- t ransfer  program has been wri t ten which 
accommodates the moving-interface phenomena necessary  to  descr ibe the heat- s torage 
effect where the latent heat of fusion provides the heat-storage capability. 
incorporated are the radiation boundaries that  a r e  necessary  for  the high-temperature 
problem and multiregion capability. Current ly  paramet r ic  variations using the present  
program a r e  being conducted in an attempt to identify the most  c r i t i ca l  ma te r i a l  and 
sys tems properties.  
Also 
Recommendations for  future work might include (1) extension of the program to 
two- spat ia l  dimensions, thus permitt ing two moving interfaces  and an option to permit  
t ransparency of liquids, and ( 2 )  provision of a method of assess ing  ma te r i a l s  with a 
melting- point range. 
Phase-diagram and thermal-  conductivity studies a r e  essent ia l ly  just  beginning. 
The differential thermal-analysis  equipment has  been assembled and readied for  use.  
Equipment and specimen designs for  solid thermal-  conductivity measurements  have 
received JPL approval. 
calibration and testing. 
This equipment needs only minor  modifications p r io r  to  
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Pvcnomete r-Cup Volume Determinations 
The volumes occupied by the pycnometer samples  were  determined by measuring 
the room temperature  volumes and, applying the thermal-expansion propert ies  of the 
tungsten cups, calculating the volume at sampling temperature .  
determination a r e  given below. 
Per t inent  data for each 
Room- Tempera ture  Volumes 
Four  tungsten pycnometer cups were  fabricated for these experiments;  each was 
designed to contain approximately 4 crn3 of liquid. The volume of each cup was deter-  
mined by filling with distilled water ,  then filling with distilled mercury ,  severa l  t imes  
each; capping, then weighing by difference and computing volumes from known densit ies 
of the liquids. Table A-1 shows data for these measurements;  they were  made a t  70 F 
where water  and m e r c u r y  densit ies a r e  0.  998 g pe r  ml and 13. 544 g pe r  ml, 
respectively.  
Pycnometer-Cup Thermal  Expansion 
The l inear  thermal  expansion of samples of tungsten taken from the same stock 
used to fabricate the pycnometer cups was measured f rom room temperature  to 2000 C. 
The samples  were  taken f rom both the axial and radial  directions of the bar  stock; r e -  
sul ts  indicated that the property i s  essentially identical in  both directions. 
Measurements  were  made in a continuously recording dilatometer utilizing an 
LVDT ( l inear  variable-differential t ransformer)  as  the detection device. 
was  plotted on an  x-y plotter with temperature as  the absc issa  and specimen extension 
as the ordinate. 
The r eco rd  
F igure  A-1 shows the data over the temperature range examined, and Figure A-2 
shows by expanded scale the data for  the temperature range of interest  in  this program. 
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TABLE A-1. DATA FOR ROOM-TEMPERATURE VOLUME DETERMINATIONS O F  
PYCNOMETER CUPS 
Total Weight, g 
CUP Volume, cm Water Mercury  3 
Cup Weight, g W a t e r  Mercury  Averagi  Value Average Value Average 
1 143. 8170 4.2410 
2 147.2085 4. 1467 
3 147.7022 4. 1719 
4 150. 1780 4.0778 
4.2549 
4. 1480 
4.1651 
4.0647 
4. 2479 
4. 1474 
4. 1685 
4.0712 
148.0502 
148.0495 
148.0500 
148.0475 
148.0501 
151.3495 
151.3490 
151.3441 
151.8652 
151.8633 
151.8678 
151.8675 
151.8653 
154.2513 
154.2513 
154.2449 
154.2460 
154.2450 
201.4425 
201.4440 
20 1.4469 
201.4400 201.44 
148.0495 
203.3815 
203.4000 
151. 3469 203.3990 203.3899 
204.1030 
204.1230 
204.1150 
204.1100 
151.8658 204. 1220 204.1146 
205.2550 
205.2350 
205.2222 
205.2200 
154.2477 205.2200 205.2304 
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Sample Calculations of Liquid- Oxide Density 
This section contains sample calculations of density determinations of the 3Be0-  
2Mg0 a t  a given temperature ,  based on the pycnometer experimental  technique. 
sample selected for  this i l lustration is the one taken a t  2045 C. 
The 
The basic relation for density at a given tempera ture  is  expressed,  
F o r  the case  in point, the weight of the sample was 10.2358 g. 
this  measurement  was made was calibrated and found to be accurate  within f 0.0001 g, 
so any e r r o r  in weighing i s  considered negligible. 
The balance on which 
The volume occupied by the sample at t empera ture  is 
where a is the percentage l inear  expansion of the pycnometer-cup mater ia l  (tungsten) to 
the tempera ture  a t  which the sample was  taken. Since this  sample was taken a t  2045 C, 
the l inear  expansion of the cup (shown in  Appendix A) is 1.112 pe r  cent above the room- 
tempera ture  dimension. The room-temperature volume of the cup used for  this sample 
was  4. 0712 cm3. Therefore,  the relation i s  
10.2358 C =  
p2045 
(4. 0712) (1 t 0. O l k ) 3  cm3 
= 2.4322 g per  cm3 . 
F r o m  the discussion on accuracy of resul ts  in Section 2.4.3 (Liquid Thermal  Ex- 
pansion) i t  i s  possible to  ass ign  e r r o r  l imits  to this  computation to note their  effects on 
computed density. I The three specific i tems a r e  examined separately here .  
I Tempe ra t  u r  e Mea su r  em ent 
If th i s  measurement  is off f 2 per  cent, the t rue  temperature  would have been 
approximately ei ther  2085 C o r  2005 C. 
expansion of the tungsten cup would be either 1. 136 pe r  cent or  1.088 pe r  cent, r e -  
spectively. 
For these two possibil i t ies,  the l inear  thermal  
The numerical  solutions for  density a r e  therefore  
- 10.2358 g 
- (2.4304) (1 t 0.01 136)3 cm3 p2085 
= 2.4304 g per  cm3 
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- 10.2358 g 
(4. 0712) (1 t 0. 01088)3 cm3 
'2005 C 
= 2.4339 g p e r  cm 3 . 
F r o m  Figure 2-15, which shows plotted values of liquid 3Be0-2Mg0 densit ies with 
temperature ,  i t  i s  obvious that these values differ only slightly f rom those est imated by 
the curve.  The specific differences a r e  shown below: 
Calculated With Potential 
Tempera ture  E r r o r  
Temperature ,  Den sit  y , Difference, 
C g p e r  cm3 f p e r  cent 
2005 2.434 t o .  08 
2045 2.432 - -  
2085 2.430 -0.08 
F r o m  Curve 
Density, Difference, 
f p e r  cent g pe r  cm3 
2.445 to. 24 
2.439 - -  
2.433 -0.24 
3 F r o m  the curve,  the density a t  2045 C is 2.439 g p e r  c m  . Thus, the f 2 p e r  cent 
ass igned to  thermocouple-measured tempera tures  actually means  that the density values 
can be given with much grea te r  accuracy than * 2 p e r  cent. This resu l t s  f r o m  the fact  
that the density of the binary is  relatively insensitive to tempera ture  changes, and a l so  
that i t s  volume thermal  expansion i s  not very different f rom that of the pycnometer cup. 
Pycnometer  -Cup Volume 
Appendix A gives pycnometer-cup volumes a s  determined a t  room temperature .  
The accuracy  of these values is  shown to be approximately f 0.2 pe r  cent for the cup 
used to  take the above sample; i t s  volume at  room tempera ture  w a s  determined to  be 
4.0712 f 0.0065 cm3. 
The density computation may therefore  be wri t ten as  
- 10.2358 - 
p2045 (4.0712 f 0.0065) (1  t 0.gOll12)3 cm3 
3 = 2.4322 f 0.0039 g p e r  c m  . 
F o r  this  potential e r r o r ,  the accuracy may be given as  f 0. 16 p e r  cent. 
Pycnometer  -Cup Thermal  Expansion 
The potential e r r o r  he re  a r i s e s  f r o m  the f 2 p e r  cent accuracy  assigned to  the 
thermocouple-indicated tempera tures  for this di la tometer  determination. 
i l lustrated above, the density relationship may  be wr i t ten  as  
F o r  the case  
~ A T T E L L E  M E M O R I A L  I N S T I T U T E  
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p2045 = (4.07 12) (1 t 0.01 1 1 2  0". OOO&I)~ cm3 ' 
where the factor 0.00024, o r  0.024 per  cent, is the change in l inear  expansion of the cup 
associated with a temperature  change of 40 K (2 pe r  cent). 
density is 
The result ing value for 
2.4322 f 0.0017 . p2045 C =  
Thus, the accuracy of the quoted density may be given a s  * 0.07  pe r  cent on the basis  of 
the cup thermal-expansion measurements .  
I 
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Example Calculation of Oxide Expansion 
and Filling of Container 
The determination of reliable values of liquid and solid densit ies for the binary 
oxide pe rmi t s  calculation of the extent to which a TES container can be filled a t  room 
tempera ture  in o rde r  to just  contain the oxide above i t s  melting point. The pertinent 
data are:  
Oxide density ( room temperature) :  3. 252 g p e r  c m  3 
3 Oxide density (1900 C): 2.46 g p e r  c m  
Linear  expansion of rhenium ( f rom room temperature  
to 1900 C): 1. 3570 per cent. 
The specific volume (vol p e r  g) of the oxide a t  1900 C is 1/2.46 = 0.4065 cm3, 
and a t  room temperature  is  1/3.252 = 0. 3075 cm3. 
0 099 f r o m  room tempera ture  to 1900 C is  0.4065-0. 3075/0.3075 = -
0.3075 cent. 
The over-al l  increase  in volume 
= 0.322 = 32.2 p e r  
3 The container must  thus provide a volume of 0.4065 cm 
AL 
L 
p e r  g of oxide a t  1900 C. 
If the container is rhenium, i t s  volume expansion f r o m  room tempera ture  to  1900 C will  
be 3 (-) - 4 p e r  cent. 
t empera ture  volume should then be 0.4065/1. 04 = 0. 3907 cm3. 
pe ra tu re ,  the container can be 0.  3075/0. 3907 = 78. 7 per  cent filled. 
To provide a volume of 0.4065 cm3 at 1900 C, the room- 
Thus,  a t  room tem- 
The anomaly that a container can  be filled 78. 7 p e r  cent with a mater ia l  which 
expands 32. 2 p e r  cent occurs  because of the f ac t  ( apa r t  f r o m  the expansion of the con- 
ta iner  itself) that while the absolute-volume difference is the same ,  the percentage 
oxide expansion is based on the room-temperature  volume of the oxide, while the per -  
centage f i l l  is based on the room-temperature volume of the container - a much l a rge r  
figure.  
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